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With the exploration of information in the world today, Hard Disk Drive which is one of the 
cheapest devices for data storage has played a very important role in the recent several decades.  
The highly demand of ultrahigh recording density has pushed the areal density to the limit of 
CoCrPt commercial perpendicular recording media. The continuous scaling down of the magnetic 
grain size will encounter the superparamagnetic effect unless the magnetic materials with larger 
magnetocrystalline anisotropy (Ku) are used.  L10-FePt is the most promising candidate because it 
has a Ku which is one order of magnitude larger than the CoCrPt commercial media.  However, 
large switching field is companying the high Ku of L10-FePt, writability problem is one big 
challenge for the realization of L10-FePt perpendicular recording media. Till now, there are two 
solutions to reduce the switching field to the writable range meanwhile keep the anisotropy 
energy of the recording media. One is heat assisted magnetic recording (HAMR) which records 
the information at elevated temperature where the switching field is low, and stores the 
information at room temperature where the anisotropy is high. The other solution is the domain 
wall assisted magnetic recording where the domain wall nucleates in the magnetically soft phase 
and propagates into the magnetically hard phase to reverse the magnetization at low magnetic 
field. HAMR requires complicated design in the writing head and the recording media structures, 
while domain wall assisted magnetic recording only focus on the development of the recording 
layers.  
 
This thesis focuses on the domain wall assisted magnetic recording of L10-FePt, such as exchange 
coupled composite (ECC) or exchange spring media, exchange spring multilayer and magnetic 
graded media. L10-FePt exchange spring multilayer was fabricated by depositing the FePt films at 
subsequently reduced temperature from the bottom to the top layer in order to create the 
sequentially reduced anisotropies. It was found that the coercivity of the multilayer was reduced 
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to half of that of the FePt bottom hard layer, while the thermal stability was maintained. However, 
the magnetic grains of the top layers did not stack on the grains of the bottom layer in the same 
column. L10-FePt/Fe exchange spring bilayer with in-plane magnetization in the soft phase was 
fabricated for study the effect of soft layer thickness on the magnetic properties and 
magnetization reversal mechanism.  It was found that the soft layer with in-plane magnetization 
was more effective in the coercivity reduction. A coercivity reduction factor of 2.5 and a thermal 
stability gain of 2.2 were achieved in the bilayer of 3 nm Fe soft layer. The reasons that resulted 
in the coercivity reduction in the FePt/Fe granular exchange-coupled bilayer after annealing were 
investigated. It was found that the thin magnetically graded interface did not help to reduce the 
coercivity, but the extension of soft phase in the lateral direction was more effective in reducing 
the coercivity in the ledge-type structure. The precise ECC microstructure of the FePt/Fe 
composites was fabricated by the electron beam lithography (EBL) patterning on the FePt/Fe 
continuous bilayer.  The magnetization reversal mechanism was studied by Hall measurement. 
Domain nucleation and propagation were revealed in the angular dependent coercivity plot and 
the simultaneous measurement of in-plane and out-of-plane magnetization components during the 
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M: magnetization 
Ms: saturation magnetization 
n: order of diffraction, or exponential factor in Shamrocks equation 
N: number of magnetic grains per bit 
R
2
: r-square, indicates the quality of curve fitting 
R0: normal Hall coefficient 
Rs: anomalous Hall coefficient 
S: cross-sectional area or chemical ordering parameter 
t: thickness or time 
T: absolute temperature 
Tc: Curie temperature 
V: effective magnetic grain volume 
VH: Hall voltage 
Voffset: off-set voltage






The total amount of technically stored information in the world has gone beyond 2.9×10
20
 bytes 
in 2007, and it doubles almost every 3 years, according to a recent study published in Science [1]. 
Although there are varieties of storage devices such as optical disks, flash memory, and hard disk 
drives (HDDs), half of the information is stored in HDD. The popularity of HDD is built on its 
large storage capacity and low cost compared to solid state drive (SSD). The first HDD produced 
by IBM in 1956 has a very limited storage capacity of 5 MB and an areal density of only 2 
Kbit/in
2
, but costs 10,000 USD for each Mbyte. Nowadays, the storage capacity of external HDD 
has achieved 4 TB as launched by both Seagate and Hitachi Global Storage Technology (HGST) 
[2]. The areal density in the commercial HDD (Toshiba 2.5-inch SATA MQ01ABD series [3]) 
has reached 744 Gbits/in
2
, meanwhile 1 Tbits/in
2
 has been demonstrated. With an average 
compound annual growth rate above 40% as shown in Figure 1.1, the areal density has grown by 
5×10
8
 in the past 55 years. As a result, the cost per GB dropped by 1×10
8
 time with the current 
cost of 7 cents/GB [4].  
 
 
Figure 1.1 The areal density change with year for hard disk drive [5].  





Due to the highly demand in data storage, the recording bit size should be further scaled down to 
achieve larger recording density. Based on the current perpendicular recording technology, the 
grain size of the recording media has to be reduced to maintain the signal-to-noise ratio (SNR). 
However, superparamagnetism should be overcome by introducing new magnetic recording 
media with larger magnetoanisotropy. This will be explained in the following sections. 
 
1.1 Requirements of Magnetic Recording Media for High Areal Density 
The magnetic recording media should have a large thermal stability to fulfill the data storage 
lifespan of 10 years. Besides, a sufficient signal-to-noise ratio (SNR) is required for the data read-
back.  
 
1.1.1 Thermal Stability 
In magnetic recording media, data is stored in the tiny magnetic grains in which the magnetic 
moment has two stable orientations antiparallel to each other, separated by an energy barrier that 
is determined by the magnetic anisotropy. At non-zero temperature, there is some possibility that 
the magnetization flips its direction due to thermal energy and leads to data loss. The thermal 
stability of the magnetic grains determined the data storage time. The mean time τ between two 
flips is governed by the Néel-Arrhenius equation: 
  TkE B exp0  (1.1) 
 
where τ0 is the inverse of the attempt frequency ~ 10
-9 
s, ∆E is the energy barrier between two 
stable states of the magnetic moment which equals to the product of magnetic anisotropy constant  
Ku and volume V. To keep the magnetization thermally stable for more than 10 years, ∆E/kBT 
must be larger than 60. Since the thermal energy depends on the working environment, which 
cannot be changed, KuV has to be larger than a critical value.  
 





1.1.2 Signal-to-Noise Ratio 
During data reading, the reading head would sense both the signal and the background noise from 
the recording media. The ratio of signal power to the noise power is defined as signal-to-noise 
ratio (SNR). A larger SNR provides higher sensitivity. The SNR is mainly affected by the 
following items: 
 The media SNR is approximately determined by the number (N) of magnetic grains in a bit 
by the grain-counting arguments [6], i.e. SNR ~ 10 logN.  
 The grain size also plays an important part in the recording analysis. The SNR becomes 





























 The intergranular exchange coupling strength affects the SNR in the transition noise which is 
characterized by the transition parameter - a. SNR has an inverse power relation with a - SNR 
~1/a
2
. A large intergranular exchange coupling strength will increase the transition width and 
transition noise, hence reduce the SNR. 
Therefore, the recording media should contain small grain size, small grain size distribution and 
weak intergranular exchange coupling to achieve a high SNR. 
 
1.2 Requirements for 5 and 10 Tbits/in2 Recording Density 
The next generation of magnetic recording density is to target 5-10 Tbits/in
2
. Neglecting the 
intergranular exchange coupling and the grain size distribution, uniform magnetic grains of 
columnar shape are assumed to simply estimate the magnetic parameters of the media for 5 or 10 
Tbits/in
2
 perpendicular magnetic recording. 
 SNR requirement: R. Wood [8] estimated that 8 grains/bit is required to generate a SNR 
around 11.8 dB.   





 Bit size: The areal density is calculated by the track density times the linear density.  An 
aspect ratio of 2:1 is assumed for the bit width to length (Figure 1.2(a)). The calculated bit 
size is showed in the schematic diagram in Figure 1.2(b). 
 Magnetic anisotropy constant: Ku can be calculated from the thermal stability requirement 
KuV ≥ 60kBT. The maximum hard disk working temperature is set at 365K. Then (KuV)min = 
3.02×10
-19 
J. Based on the grain size and shape obtained above, the volume and Ku can be 
calculated.  
The parameters of the recording media to achieve 5 and 10 Tbits/in
2
 are listed in Table 1.1. 
 
Figure 1.2 Schematic diagrams for (a) track and bit, (b) grain configuration in a bit and the 
grain with the diameter-to-length ratio of 1:4. 
 















Bit size (nm) 6.6×13.2 4.6×9.2 
Grain diameter (nm) 3.3 2.3 










1.3 Current Perpendicular Recording Limitations 
The continuous downscale of the magnetic grain and the need of high thermal stability require the 
recording media having large magnetic anisotropy constant. Such recording material has a 
corresponding large switching field which need high head field to precede the data writing.  
 
1.3.1 Physical Challenge from Write Head 
The magnetic field produced by the writing head has faced its upper limitation of 2.4 T [9]. The 
head field B strongly depends on the saturation magnetization Ms of the head magnetic material, 
B ~ Ms. In literature, the largest Ms ~ 2.45 T appears in the FeCo alloy with 30-40 % Co. Taking 
into account the gap between the head and the recording media, the effective field reaches the 
recording layer surface is only around 80 % - approximately 19 kOe.  
 
The maximum anisotropy field of the recording media, which can be written by the current 
perpendicular head, can be simply estimated by the Ampere’s and Gauss’s law [10],  
  dtMkOeH sk  1419   (1.3) 
 
where t/d is the film thickness to head-media spacing. Roughly, 1 kOe is assumed to the second 
term. The conventional magnetic media should have an Hk less than 18 kOe [11] and hence an 
anisotropy constant Ku less than 9×10
6
 erg/cc (assuming Ms = 1000 emu/cc).  
 
1.3.2 Recording Trilemma 
A certain number of grains is required to obtain sufficient SNR for data read-back. Hence to 
achieve larger recording density, the grain size has to be reduced. Large Ku (above 2×10
7
 erg/cc) 
magnetic materials are desired to maintain high thermal stability. However, the write head can 
only write on the recording media with Ku less than 9×10
6
 erg/cc. The confliction among SNR, 
thermal stability and head field is described by the recording trilemma illustrated in Figure 1.3.  






Figure 1.3 A schematic diagram of recording trilemma encountered in perpendicular magnetic 
recording. 
 
1.4 Potential Technology to Achieve Ultrahigh Recording Density 
To solve the recording trilemma, three emerging technologies – heat assisted magnetic recording 
(HAMR), patterned media, exchange-coupled composite (ECC)/graded media have been 
proposed. 
 
1.4.1 Heat Assisted Magnetic Recording 
Heat assisted magnetic recording (HAMR) uses large Ku magnetic material as the recording 
media. The writability problem is solved by lowering the media coercivity (Hc) below the head 
field temporarily when the writing is conducted. The basic concept applied is that Hc is inversely 
proportional to the temperature as shown in Figure 1.4(a). The working principle is illustrated in 
Figure 1.4(b). A localized spot on the media is heated quickly by a laser to a temperature near the 
Curie temperature (Tc), and then data is recorded to the spot where the coercivity is in the writable 
range. Once the recording is done, the spot is rapidly cooled down to room temperature to 
maintain high thermal stability. The whole process should be done in less than 1ns.  





HAMR requires the development of a number of novel components, which include the light 
delivery system, the thermomagnetic writer, a robust head disk interface and rapid cooling media. 
The major challenges lie in the design and fabrication of the head and in the development of 
suitable media. 
 
 The delicate design of the magnetic head with the integrated heating laser. 
 Minimizing the heating area to a few nanometers is quite difficult by using laser heating. 
 Facilitating the heating and cooling speed much less than 1 ns to enable the data recording 
rate in the Gigahertz range. 
 Using new lubricant and overcoat materials which can resist the temperature as high as 350°C. 
High Ku recording materials such as L10 FePt and L10 CoPt have large Curie temperature 750 
K and 840 K, respectively. The commercial lubricant and overcoat materials cannot sustain 
some temperature close to both temperatures.  
 How many recording cycles can the media tolerate is another question. Heating during each 
recording process may affect the grain properties and shape.  
 
   
Figure 1.4 Schematic diagrams for HAMR: (a) coercivity of the recording media as a function 
of temperature; (b) writing illustration [12].  





1.4.2 Patterned Media  
Different from the conventional media, patterned media only needs one or a few number of grains 
in each bit. The bits are patterned in a way that all the bits are uniformly distributed and 
physically isolated. Figure 1.5 shows the schematic diagram of patterned media. The advantage of 
bit patterned media is the large grain size. Hence extremely high Ku is not necessary, even the 





Figure 1.5  Patterned media with uniform grain size: a large grain is a bit. 
 
The challenges of patterned media are the media fabrication and the new read/write access system. 
Currently, lots of research works have been done on the nanoscale patterning of the magnetic 
media, including the physical lithography and chemical self-assembled lithography. High 
resolution (within 10 nm) lithography can use electron beam lithography (EBL) [13] and X-ray 
lithography (XRL). Nanoimprint lithography (NIL) [14] and self-assembled lithography are 
another two low-cost lithography technologies. However, all of these methods have their own 
problems.  
 
 EBL is a high cost and low-throughput lithography tool, which is very time consuming for 
the fabrication of a whole patterned disk. In addition, it requires the development of a rotary 
stage tool. However, EBL can be used to fabricate the precise mater mold which would be 
replicated into subsequent daughter and granddaughter molds for imprinting.  





 X-ray lithography with the wavelength of 0.2-1 nm can achieve a high resolution but a tight 
control of the gap between the mask and sample to be patterned is necessary. Besides, the 
source of X-ray is another concern. 
 Nanoimprinting in a relatively large area like hard disk, the substrate bending and roughness 
are the serious problems because these will be transferred to residual resist. Fabricating defect 
free mold is another challenge. Another concern is about the patterning on non-flat substrate. 
 Self-assembled lithography suffers from two major drawbacks. Self-ordering of nanoparticles 
is limited to only few hundred micrometers, which is much smaller than the scale of hard disk. 
The arrangement of the particles is in the x-y direction not in the circumferential geometry. In 
hard disk, it would be preferred to have the dots arranged in a circular fashion as a magnetic 
head moves on a spinning disk in a circular fashion. 
 
1.4.3 Exchange Coupled Composite (ECC) Media and Graded Media 
ECC media and graded media are proposed to solve the writability problem through reducing the 
switching field of the perpendicular recording media which has extremely large magnetic 
anisotropy such as L10-FePt and L10-CoPt. Different from the conventional perpendicular media 
which has constant Ku, ECC/graded media consist of magnetically hard phase and soft phases 
within a single column. During magnetization switching, domain wall nucleates in the soft phase 
at low external field and propagates to the hard phase when the pinning field is overcome. This 
domain assisted magnetic recording has various structure designs including the ECC media or 
exchange spring media, exchange spring multilayer, and graded media.    
 
The advantage of ECC/graded media is that only the recording layer modification is required.  
However, both ECC media and graded media have some limitations especially the fabrication of 
graded media. The maximum switching field reduction for ECC media is around 4, which may 
not solve the writability problem of the highly ordered L10-FePt with a switching field above 70 





kOe. Theoretically, the graded media can reduce the switching field further, but fabricating the 
magnetic grains with the anisotropy verified in a parabolic profile is a huge challenge.  
  
 The drawback of graded media is the relatively large thickness of around 20 nm which is 
under debate. The superior field-gradients can only be realized very close to the pole tip; 
hence the recording layer thickness of 10 nm or less is preferred. 
 To fabricate the granular structure with grain size within 4 nm and the film thickness of 20 
nm is very challenging. 
 
1.4.4 Summary 
HAMR requires a delicate design in the recording head to integrate the laser heater, and a highly 
effective heating and cooling process in the media. Patterned media needs highly advanced 
lithography technology or highly textured chemical synthesis to form the uniform magnetic grains. 
Both HAMR and patterned media have to solve not only the media fabrication problem but also 
the magnetic head innovation problem, while ECC/graded media only focus on the development 
in the recording layer. It seems that currently ECC/graded media are more approachable for the 
ultrahigh density magnetic recording.  
 
1.5 Motivations and Objectives 
With the increasing demand of large storage capacity in HDD, the magnetic grain size has to be 
further reduced. However, the CoPt-based commercial perpendicular magnetic media cannot 
sustain the desired thermal stability (KuV/kBT ≥ 60 for a 10 year storage time, where Ku and V are 
magnetic anisotropy constant and magnetic switching volume, respectively) when the grain size 
goes below the critical size of 5 nm. To maintain high thermal stability and simultaneously reduce 
the grain size to below 5 nm, magnetic materials with extremely large magnetic anisotropy are 





needed. The magnetic properties of the hard magnetic materials were summarized by Weller et al. 
in Table 1.2.  
Table 1.2 Magnetic properties of the hard magnetic materials were summarized by Weller and 
Moser [15].  
 
The potential candidates for Tbits/in
2
 magnetic recording are L10-FePt, L10-CoPt and rare-earth 
transition metals such as Fe14Nd2B and SmCo5. The poor correction resistance and oxidation 
problem limit the application of rare-earth transition metals. CoPt requires a higher temperature to 
form the L10 phase compared to FePt.  Therefore, L10-FePt is more favorable as it has large 
anisotropy and high corrosion resistance. In this thesis, L10-FePt is chosen as the magnetic 
recording material. For perpendicular magnetic recording, L10-FePt should have its uniaxial easy-
axis (the high symmetry c-axis) aligning in the out-of-plane direction. Hence highly (001) texture 
should be developed in the L10-FePt recording layer.  
 
Due to the ultrahigh magnetic anisotropy, L10-FePt has an extremely large anisotropy field of 
more than 100 kOe, which is several times more than the maximum achievable writing field of 
the single-pole head - 18 kOe. Hence to solve the writing problem, the switching field of the 
magnetic media has to be reduced to the writable range, while the thermal stability has to be 





maintained as well. A proper design of the L10-FePt based ECC media or exchange spring 
multilayer can solve the recording trilemma. Theoretically, the exchange spring multilayer can 
give more reduction in switching field. However, the experimental realization of L10-FePt based 
exchange spring multilayer has not been widely reported. In addition, although lots of 
experimental works have been done on the L10-FePt/Fe exchange-coupled bilayer, it’s difficult to 
fabricate the exact microstructure proposed in the ECC media with the magnetically hard phase 
and soft phase stacking precisely in the same grain. Hence, the magnetization reversal mechanism 
was not well presented. Furthermore, there are few reports claimed that the magnetic graded 
interface can further assist the switching field reduction in L10-FePt/Fe granular composites, but 
the origin of coercivity reduction is not well studied.  
 
Based on those unsolved questions, this thesis focused on the study of L10-FePt exchange spring 
multilayer and the L10-FePt/Fe exchange-coupled bilayer, and four sets of research work were 
done. The objectives of each research work are summaries as follows: 
 Design the L10-FePt exchange spring multilayer with the anisotropy reducing sequentially 
along the film normal direction. Study the magnetic properties and microstructure of the 
exchange spring multilayer. 
 Study the Fe thickness effect on the magnetic properties of the L10-FePt/Fe exchange spring 
bilayer. 
 Fabricate the granular L10-FePt/Fe exchange-coupled bilayer, and study the effect of 
annealing on the magnetic properties to find out the reasons that led to the coercivity 
reduction.  
 Fabricate the FePt/Fe ECC nanodots with the precise structure and investigate the 
magnetization reversal mechanism. 
 





1.6 Significant Findings 
 The coercivity of L10-FePt-C exchange spring multilayer reduced with the increasing number 
of magnetically softer layers and the increasing thickness of each soft layer. The FePt-C 
trilayer formed a two-layer structure with un-uniform stacking and the smaller grain size in 
the softer layer compared to the bottom hard layer.  
 In the L10-FePt/Fe exchange-coupled bilayer, a maximum coercivity reduction factor of 2.5 
and a maximum thermal stability gain of 2.2 were found in the bilayer with 3 nm Fe. A 
thicker Fe layer did not favor the thermal stability gain. 
 High temperature annealing led to large coercivity reduction in the L10-FePt/Fe granular ECC 
bilayer.  
 The magnetization of the L10-FePt/Fe ECC nanodots reversed through domain nucleation and 
propagation which had been revealed in the angular dependent coercivity plot and the 
simultaneous measurement of in-plane and out-of-plane magnetization components during 
the magnetization reversal.     
 
1.7 Thesis Outline 
Chapter 1 briefly describes the requirements of magnetic recording media, the limitations faced in 
perpendicular magnetic recording, and the potential technologies that can sustain the further 
increase of storage density. Chapter 2 provides the literature review on the fabrication of L10-
phased FePt film with ultrahigh magnetic anisotropy, and the works have done on ECC media. A 
specific review on the FePt-based perpendicular ECC media is given. Chapter 3 provides a brief 
introduction to the equipment used for sample fabrication, structural characterization, and 
magnetic property measurement. Chapter 4 summaries the important results of the L10-FePt-C 
exchange spring multilayer with perpendicular magnetization and granular structure. Firstly, the 
deposition temperature effect and film thickness effect on the microstructure and magnetic 





properties of the FePt-C film will be shown. The magnetic properties, thermal stability and 
microstructure of the FePt-C exchange spring multilayer will be presented. Chapter 5 summaries 
the Fe thickness effect on the magnetic properties of the FePt/Fe exchange spring bilayer. Chapter 
6 summaries the annealing effect on the magnetic properties of the granular FePt/Fe exchange-
coupled bilayer. The reasons that caused the coercivity reduction will be investigated. The 
magnetization reversal mechanism of the FePt/Fe ECC nanodots are investigated and shown in 
Chapter 7. It will describe the patterning processes and measurement technique. The 
magnetization reversal mechanism investigated by recoil loop, angular dependent coercivity, Hall 
effect, and simulation will be given.  Chapter 8 summaries the whole works done for this thesis 













2 Literature Review 
2.1 L10 FePt 
L10 is a crystallographic derivative structure of the disordered A1 phase – face-centered-cubic 
(fcc) structure. L10-FePt crystal has an ordered face-centered-tetragonal (fct) structure with the 
stacking of alternative Fe layer and Pt layer as shown in Figure 2.1. The uniaxial anisotropy is 
along the c-axis of the unit cell. Hence to get the perpendicular magnetization, the FePt film 
should obtain the (001) crystalline texture with the c-axis normal to the film surface. However, 
the room temperature as-deposited FePt film shows the disordered A1 phase. According to the 
thermodynamic phase diagram of Fe-Pt binary system shown in Figure 2.2, L10 phase is 
thermodynamically stable at the temperature below 1300°C. The formation of A1 phase at low 
temperature should be due to the kinetic aspect because the sputtering process is far away from 
the thermal equilibrium state. Therefore, to get the L10 phase, post annealing or in-situ annealing 
at around 500°C is required to provide the energy for ordering. Such a high temperature is 
impractical for industry fabrication. An approach to reduce the ordering temperature is necessary.  
 
The main challenges of fabricating L10-FePt are: reducing the phase ordering temperature, 
obtaining chemically ordered L10 phase with (001) texture, reducing the magnetic grain size, and 
decreasing the intergranular exchange coupling. 
 
Figure 2.1 Two crystalline phases of FePt: disordered A1 (face-centered-cubic) phase and 
ordered L10 (face-centered-tetragonal) phase. 






Figure 2.2 Calculated Fe-Pt phase diagram assessed by P. Fredriksson [16]. 
 
2.1.1 Reducing Phase Ordering Temperature 
The L10 chemical ordering temperature can be reduced by element doping, strain-induced 
ordering and other methods like irradiation-induced ordering.  
 
 Ordering Temperature Reduced by Element Doping 
Cu doping or Ag doping are effective to promote the L10 chemical ordering and hence reduce 
the phase ordering temperature. Maeda et al. [17] reported that with 15% Cu doping, the 
Fe46.5Pt53.5 ordering temperature was reduced to 300°C.  Takahashi et al. [18] also reported 
that an addition of 4 at% Cu to FePt films reduced the L10 ordering temperature by around 
200°C. It was found that Cu substituted the Fe atoms and formed FePtCu ternary alloy [19]. 
Platt et al. [20] and Maeda et al. [17] asserted that the formation of FeCuPt alloy increased 
the driving force to lower the kinetic ordering temperature. Takahashi et al. claimed that Cu 
lowered the melting point and therefore enhanced the diffusivity of the FeCuPt alloy. 
However, Takahashi et al. [21] showed that Cu addition was only effective in reducing the 





ordering temperature of continuous FePt films not the nanogranular films. Berry et al. [22] 
studied the effects of Cu on the ordering temperature of FePt using differential scanning 
calorimetry, and found that FeCuPt provided no advantage over the equivalent binary FePt 
alloys in lowering the kinetic ordering temperature. Wierman et al. [23] reported that the 
impact of Cu addition to FePt alloys depended on the relative atomic ratio of the Fe and Pt.  
 
Doping Ag into FePt film can effectively reduce the ordering temperature and improve the 
coercivity. Self-assembled [Fe49Pt51]88Ag12 nanoparticles reported by Kang et al. [24] 
revealed a 100-150°C drop in L10 ordering temperature, and an apparent grain size reduction. 
Ag doped FePt had 2 kOe higher coercivity than the pure FePt film after annealing at 450°C 
for 10 min [20]. Zhou et al. [25] reported that doping 30 vol. % Ag into FePt thin film 
showed the largest in-plane coercivity compared to the pure FePt film. The coercivity 
enhancement was contributed to the increase of ordering and intergranular exchange 
decoupling. The promotion of L10 phase ordering by Ag may be explained by the 
diffusion/defect mechanism [26]. Ag is almost immiscible with Fe and Pt, and has low 
surface energy. Ag additives in FePt prefer to diffuse out of the FePt particle under elevated 
temperature, resulting in the defect in FePt lattices. This enhances the kinetics of the L10 
ordering and reduced the ordering temperature. However, a thin Ag overlayer also promoted 
the L10 ordering as reported by Zhao et al. [27]. Here the diffusion/defect mechanism cannot 
be applied.  
 
 Strain/stress-induced Chemical Ordering 
The phase ordering temperature can be reduced by the strain/stress-induced chemical 
ordering from high sputtering pressure, substrates or underlayers. The induced strain energy 
would promote the formation of fct phase where the lattice constant c becomes smaller than a. 
High pressure sputtering would result in c-axis compression and promoted FePt film to form 





L10 phase at 400°C [28]. L10 ordering took place at 275°C by post-annealing the FePt/Cu/Si 
(100) substrate samples has been reported by Lai et al. [29]. A dynamic stress caused by 
different thermal expansion was claimed for ordering promotion. Sun et al. [30] reported that 
L10 ordering started at 350°C for Fe52Pt48 film deposited on preheated oxidized Si substrate.  
 
Lattice-mismatch induced stain is another method to reduce the ordering temperature. Single 
crystal substrates like MgO [31], SrTiO3 [32], and Cu [33] have been reported in inducing the 
L10 chemical ordering. The heteroepitaxial growth of L10-ordered FePt on Cu (001) substrate 
developed an in-plane easy axis alignment following the relationship FePt (200)<001>||Cu 
(002)<100>. Underlayers with small lattice mismatch to FePt film are also effective in 
promoting the L10 ordering during epitaxial growth. Large out-of-plane coercivity was 
obtained by depositing FePt on Ag underlayer at 300°C [34]. Shen et al. [35] successfully 
induced the FePt L10 (001) texture at 400°C using a 20 nm RuAl underlayer deposited on 
glass substrate. Other underlayers such as Ta/MgO on Si substrate [36], CrRu or CrMo on 
glass substrate [37, 38], (200) MgO/oxide Si substrate [39] have also been reported. An out-
of-plane coercivity of 12 kOe was obtained in the FePt films fabricated on MgO (200)/CrRu 
(200)/glass substrate at 350°C. In Ding’s paper [40], 30-nm-thick Pt, Cr, Cr95Mo5, and 
Cr90Mo10 intermediate layers were used to adjust the lattice mismatch. The calculated lattice 
constant of the intermediate layers grown on both the MgO and glass substrates and lattice 
mismatch between different intermediate layers and FePt films as measured using XRD are 
shown in Table 2.1. The chemical ordering degree and Ku held maximum for ε around 6.33%. 
Chen et al. [41] investigated the relation between the lattice mismatch, the phase ordering, 
and the magnetic anisotropy for the FePt films grown on CrX (X: Ru, Mo, W, Ti) underlayers. 
Again a critical lattice mismatch near 6.33% in CrRu underlayer gave the best performance. 
 





Table 2.1 The calculated lattice constant of the intermediate layers grown on the MgO and 









 (Å) Epitaxial relation εc (%) 
















E MgO 4.2112  MgO(100)<001>||FePt(001)<100> 8.86 
 a1: Lattice constant of intermediate layer (grown on MgO) 
 a2: Lattice constant of intermediate layer (grown on glass) 
εc: Lattice mismatch 
 
 Other Approaches to Reduce Ordering Temperature 
Ion irradiation is another approach to promote L10 ordering and reduce the ordering 
temperature. Ravelosona et al. [42] investigated the ordering process of FePt films by 130 
keV He ion irradiation. The ordering parameter increased with the disordered FePt films were 
irradiated by He ion at 280°C. With increasing the energy of He ion beam, higher ordered L10 
FePt films were obtained [43]. The irradiation heating provided efficient microscopic heat 
transfer and created excess point defects, which enhanced the diffusion and promoted the L10 
ordering of FePt films. 
 
2.1.2 L10 FePt (001) Texture Control  
L10 FePt (001) texture can be induced by either epitaxial growth or non-epitaxial growth. For 
epitaxial growth, single crystal substrate such as MgO and SiTiO3 or underlayers like Ag, Pt, Cr, 
MgO, CrMo, CrRu are commonly used. Multilayer films fabrication is the non-epitaxial way to 
develop the FePt (001) texture.  





 Epitaxial Growth 
Epitaxial growth requires the substrates or underlayers to have a similar atomic configuration 
to that of L10 FePt (001) plane and small lattice mismatch. The lattice mismatch and epitaxial 
relation between FePt (001) and MgO (100), SrTiO3 (100), Cr (200) and Ag (200) are listed 
in Table 2.2.  
Table 2.2 The lattice mismatch and epitaxial relation between FePt (001) and MgO (100), 
SrTiO3 (100), Cr (200) and Ag (200). 
 Lattice mismatch Epitaxial relation 
MgO 8.5 % FePt (001) <100> || MgO (100) <001> 
SrTiO3 2.0 % FePt (001) <100> || SrTiO3 (100) <001> 
Cr 5.8 % FePt (001) <100> || Cr (100) <110> 
Ag 7.1 % FePt (001) <100> || Ag (100) <001> 
 
Considering for practical application, CrX (200) underlayer is more appropriate. Single 
crystal substrates such as MgO and STO are too expensive. The Ag underlayer used to induce 
FePt (001) texture is too thick for the application in double-layered perpendicular media. In 
addition, due to the low melting point and low surface energy of Ag, it is difficult to maintain 
small grain size at elevated temperature. MgO underlayer with (200) texture has been 
investigated by Zhang et al. [44] using post annealing. However, the low deposition rate of 
MgO is not suitable for mass production. Ding and Chen compared the efficiency of Cr and 
CrX (X = Ru, Mo, W, Ti) underlayers in inducing the FePt (001) texture. They found that 
CrRu served better to induce the (001) texture. Detailed studies on CrRu composition [45], 
thickness [46] have been reported. Chen et al. [37, 47] also investigated the influences of 
base pressure and residual gas on the ordering temperature and crystalline texture of FePt on 
CrRu underlayer. 
 





Interface roughness between the magnetic layer and underlayer is another concern for 
magnetic recording media. A rough interface may deteriorate the (001) texture and hence the 
magnetic properties. For Cr underlayer, a very rough interface was created due to Cr 
diffusing to the FePt film. Hence a buffer layer, which should has low diffusion to FePt and 
small lattice mismatch with FePt (001) plane, is required. Pt has a high melting point and low 
diffusivity in Fe. In addition, Pt has a small lattice mismatch (2%) with FePt. The thickness of 
Pt buffer layer between CrRu and FePt has been studied [48]. A good FePt (001) texture was 
obtained with 4 nm Pt buffer layer. Another choice is MgO buffer layer which has been 
reported by Chen et al. [49, 50]. A 1-2 nm MgO thin layer is sufficient to block the Cr 
diffusion to FePt layer.  
 
 Non-epitaxial Growth 
Non-epitaxially grown L10 FePt films are more compatible with practical applications than 
those grown epitaxially. In this method, (Fe/Pt)n multilayer films were deposited on glass 
substrate or oxidized Si substrate and subsequently post annealed. Among the experimental 
conditions, annealing time, temperature and the thickness of each Fe or Pt layer were the 
most important factors. Yan et al. [51] reported a highly oriented non-epitaxially grown L10 
FePt films by rapid thermal annealing of (Fe/Pt)n multilayer films on Corning glass. The 
annealing temperature controlled the ordering of FePt films, and the annealing time 
controlled the orientation of FePt grains. Ordering started at 350°C when the [Fe (0.47 nm) / 
Pt (0.4 nm)]12 film was annealed for 300s. The texture was affected by the initial multilayer 
structure such as the thickness of each Fe and Pt layer and the number of repeated layers. 
Coercivity of 15 kOe was obtained in the [Fe/Pt/Ag]n multilayer films after rapid thermal 
annealing [52]. Multilayer films deposited at high temperature or post annealed for a long 
time favored the (111) orientation due to predominant thermodynamics. The drawback of 
multilayer films is the multilayer process which takes time.  





2.1.3  Grain Size Reduction and Intergranular Exchange Decouple  
The synthesis of FePt films with small and uniform grain size, well isolated magnetic grains are 
beneficial for SNR enhancement and high recording density. To obtain the granular structure, 
doping other non-magnetic materials is widely applied. The accommodation of non-magnetic 
material in the grain boundary would enhance the decoupling among the adjacent grains. Doping 
is mainly conducted in two ways: [FePt/dopant]n multilayer configuration and co-sputtering.  
 
 Multilayer Configuration 
Post-annealing [FePt/dopant]n multilayer films to form the FePt granular structure with 
refined grain size have been investigated by many researchers. To induce the granular 
structure, high annealing temperature is required to facilitate the interlayer diffusion between 
the FePt layer and the dopant layer. Luo et al. reported the FePt/B2O3 [53] and FePt/SiO2 [54] 
multilayer films. The grain size of 10 nm was obtained in the 40 nm [FePt/SiO2]10 film after 
annealing at 600°C for half an hour. The atomic scale [FePt/SiO2]18 multilayer film reported 
by Wu et al. [55] showed a (001)-preferred orientation and grain size around 5-15 nm. 
Dopants such as BN [56], AlN [57], C [58] and ZrO2 [59] in the FePt multilayer films also 
showed great advantage in reducing the grain size. Among these dopants, C showed a great 
advantage in forming a highly textured perpendicular anisotropy and a grain size down to 5.5 
nm, while the others favored the formation of FePt (111) texture. Yan et al. [60] reported the 
strong (001) textured FePt/Cu multilayer film deposited on Si substrate after annealing at 
650°C for 5 min. The grain size was only 10 nm. The drawback of multilayer method is the 
high annealing temperature, which is not practical for industry application.  
 
 Co-sputtering  
Doping non-magnetic materials to FePt films by co-sputtering is another approach to generate 
the granular structure. Normally, the FePt-dopant composite films were epitaxially grown on 





the textured underlayers or substrates. The dopants can be categorized into: metallic elements 
like Ti, W, Ta, Cr, Zr and Nb; oxides such as Al2O3, SiO2, MgO, TiO2 and Ta2O5; others like 
Si3N4, B and C. 
 
 A. Metallic Element Doping 
Grain size down to 5 nm and a large in-plane coercivity of 7.3 kOe was found in 
(Fe59Pt41)97Zr3 alloy films [61] grown on corning glass. Kuo et al. [62] reported the 
polycrystalline (Fe50Pt50)95X5 (X: W or Ti) thin films with 10 nm grain size produced by post-
annealing. The addition of W and Ti inhibited the grain growth by annealing. The grain size 
reduction was also found in Ti, Nb, Ta, or Cr doped FePt films [63, 64].  For metallic element 
doping, without (001) texture induction, the FePt film was dominant by L10 (111) texture and 
non-perpendicular magnetization. 
 
 B. Oxide Doping 
Al2O3 doping reduced the grain size of FePt films from 40 nm to 10 nm was reported by Bai 
et al. [65]. Sáfrán et al. [66] investigated the microstructures of MgO, Al2O3 and SiO2 doped 
FePt films on MgO/Cr underlayers. Rectangular (001) textured FePt grains separated by 
crystalline oxide phase were found in the FePt-MgO composite films. This was due to the 
simultaneous nucleation and epitaxial growth. FePt-Al2O3 composite film formed two-layer 
structure with a continuous (001) FePt and an isolated granular (001) and (011) FePt. This 
can be explained by a delayed nucleation of the Al2O3 phase due to a possible low sticking 
coefficient. FePt-SiO2 films showed globular grain structure of random orientation developed 
on (001) FePt columns. This kind of structure builds up with the epitaxial nucleation and 
growth of FePt crystals and the simultaneous nucleation of amorphous SiO2 tissue phase. 
Well isolated columnar grain structures were found in TiO2 [67] and Ta2O5 [68] doped FePt 





films. The grain size of 5 nm and 10 nm were found in 20 vol. % TiO2 and 20 vol. % Ta2O5 
doped FePt films, respectively.   
 
 C. Others 
Kuo et al. [69] studied the Si3N4 doped FePt films. The grain size decreased with the increase 
of Si3N4 doping content. It has been demonstrated that FePt with B, BN or C additives could 
reduce the magnetic coupling. C doped FePt composite films attracted much attention. In 
2003, Ko et al. [70] and Perumal et al.  [71] reported the effects of C contents on the grain 
size and magnetic properties of FePt-C films. The FePt-C films were deposited on MgO 
substrate at 400°C. Perpendicular magnetic anisotropy was present with the C content up to 
25%, and 5.2 nm magnetic grains were obtained with 25 % C doping. N-doped FePtC films 
were reported by Mi et al. [72]. N doping not only facilitated the ordering transformation, but 
also limited the grain growth. Well isolated grains with 8 nm grain size were obtained. Chen 
et al. [73] reported a 7.5 nm columnar grain structure with 15 vol. % C doping in the sample 
structure of FePt-C/MgO/CrRu/glass substrate. A detailed study of the effects of C content, 
FePtC film thickness and substrate temperature on the microstructure and magnetic properties 
of the epitaxially grown FePtC films was done by Ding et al. [74]. A two-layered structure of 
the FePt-C composite film with the underlying L10 FePt layer epitaxially grown on MgO 
intermediate layer and the fcc and L10 FePt overlayer nucleated on the underlying layer was 
studied by Chen et al. [75]. This was due to the low surface energy and high mobility of 
carbon at elevated temperature. 
 
2.2 ECC Media and Graded Media 
The idea of hard/soft ECC structure came from the exchange spring system, which targeted in 
maximizing the energy product of bulk permanent magnets [76] and magnetic thin films [77]. In 
the exchange spring system, the magnetic easy axis of the hard layer was lying in the in-plane 





direction. In the proposed ECC media, the exchange spring effect was applied to the magnetically 
hard recording media with the easy axis pointing to the out-of-plane direction. A schematic plot 
of the hard/soft ECC media with perpendicular anisotropy in the hard layer is shown in Figure 2.3. 
 
 
Figure 2.3 A schematic diagram of one magnetic grain in the hard/soft ECC media. The 
magnetic grain consists of a magnetically soft region (small Ku) and a magnetically 
hard region (large Ku). 
 
Theoretical investigation on the coercivity reduction inside the ECC system has been started in 
the 1960s. Aharoni [78] firstly pointed out that a maximum coercivity reduction of 4 could be 
achieved in a hard/soft bilayer with an abrupt anisotropy field change at the interface with Ks = 0. 
Hagedorn [79] obtained a coercivity reduction factor of 5 when the anisotropy energy of the soft 
layer is 1/5 of that of the hard layer. Besides, he demonstrated that stacking multiple layers with 
consecutively reduced anisotropy may lower the switching field to infinitesimally small value. 
Another work done by Abraham and Aharoni showed that a further reduction in coercivity was 
possible in the magnetic material with linear decrease in Ku [80]. 
 
A consecutively decreased anisotropy profile and a continuously decreased anisotropy profile 
were used by Suess [81] to describe his multilayer exchange spring media and graded media, 
respectively. The schematic diagrams of the two media are shown in Figure 2.4. The anisotropy 
decreasing profile in the perpendicular magnetic media would reduce the pinning field at the 
hard/soft interface, and hence reduce the switching field of the whole magnetic grain. In principle, 





any arbitrary hard magnetic grain can be switched at infinite small fields if the number of layers 
goes to infinity. The drawback of graded media is the relatively large thickness. In magnetic 
recording layer, the thickness should be limited to 15 nm due to field gradient decay [82]. 
Another concern is controlling the anisotropy graded profile, which is a big challenge for media 
fabrication.    
 
Figure 2.4 Schematic diagrams of (a) multilayer exchange spring media and (b) graded media 
with the anisotropy decreasing gradually in the film normal direction. 
 
2.2.1 Switching Field and Magnetization Switching Mechanism of ECC System 
The magnetic parameters of the hard and soft phases play important roles in switching the 
magnetization and determining the switching field of the ECC system. In the composite system 
with infinitely thick hard and soft layers exchange coupling to each other, Knonmüller and Goll 
[83] derived a simple analytical formula for the switching field. The switching field was defined 



















Where M, H and A are the saturation magnetization, applied external field, and exchange stiffness, 
respectively. The infinite thickness approximation can be applied to realistic system with finite 
layer thickness only if the interfacial domain wall fits inside the hard layer and the soft layer 





separately.  Using infinite continuous layer approximation, the domain wall width of the soft or 
hard layer can be estimated by the following equations: 













Hard layer domain wall width:  
 
hhDW KAl /4  (2.3) 
 
Upon applying the magnetic field, the domain wall in the soft layer is compressed. To minimize 
the total film thickness, the soft layer thickness should be as small as possible but large enough to 
fit the domain wall. Further increase the soft layer thickness does not decrease the switching field 
of the ECC system. For the hard layer, increase the thickness beyond the domain wall width does 
not benefit from the increase of energy barrier.  
  
Based on the analytical formulas derived for the exchange spring magnet, Dobin and Richter 
proposed the domain wall assisted magnetic recording media [84] (also exchange spring media) 
with the interfacial domain wall fits inside both layers. Using numerical and analytical 
micromagnetics, the authors studied the effect of soft layer anisotropy on the switching field and 
the effect of hard layer exchange stiffness on the maximum Kh that can be switched at 15 kOe 
under various soft layer thicknesses. A maximum switching field reduction was found with the 
soft layer with certain anisotropy, which agreed with Hagedorn’s prediction. Very small hard 
layer exchange stiffness could enhance the magnetization switching.  
 
In the case of finite thickness for the magnetically hard and soft layers, there are two types of 
magnetization reversal based on the soft layer thickness [85]: singe-switching and 
inhomogeneous switching.  





In single magnetization switching, the soft phase and the hard phase switch simultaneously. The 
rigid coupling between the hard and soft phases forces the magnetization of the soft layer to 
follow the easy axis direction of the hard layer. The critical exchange length for rigid coupling 
can be estimated by hhh KAl / . For very thin films and considering the soft layer anisotropy as 












  (2.4) 
 
 where tes and teh are the effective thickness of the soft layer and hard layer, respectively.  
 
When the soft layer thickness is beyond the critical exchange length, inhomogeneous 
magnetization switching will occur. Upon an applied field, a domain wall first nucleates in the 
soft layer, and quickly propagates to the hard/soft interface before it is pinned. Further increasing 
the field compresses the domain wall in the soft layer and forces it to penetrate to the hard layer. 
The nucleation field in the soft layer is strongly affected by the soft layer thickness and the soft 













  (2.5) 
 
For a thick soft layer without anisotropy and a hard layer with a definite anisotropy, n is almost 
independent of the quantitative values of material parameters, and 1.75 is applied. 
 
2.2.2 Interfacial Exchange Coupling Strength 
The hard/soft interfacial exchange coupling strength strongly influences the magnetization 
switching process of the ECC system. When the hard and soft layers are exchange-decoupled, the 
magnetization of the soft layer and the magnetization of the hard layer reverse individually. The 
interfacial coupling strength affects the rigid coupling region in the soft layer. A magnetic phase 





diagram in Figure 2.5 was calculated by Asti et al. [87] using a one-dimensional micromagnetic 
model in perpendicular exchange-spring FePt/Fe bilayer.  
 
 
Figure 2.5 Magnetic phase diagram as a function of layer thickness t1(soft) and t2 (hard) in 
Fe/FePt bilayer. The figure reports the critical line that separate the rigid magnet 
region from the exchange spring magnet for three different values of the interlayer 
coupling Js constant, having fixed a = 0.4 nm [87]. 
 
Experimentally, some non-magnetic thin layers were fabricated between the soft layer and the 
hard layer to control the hard/soft interfacial exchange coupling strength. Wang et al. [88] used a 
Pt break layer to tune the direct exchange coupling between the soft and hard layers. A proper 
interface coupling helped to reduce the coercivity to half in the [Co-PdSiO]n/PdSi/FeSiO 
hard/soft ECC media. A thin Pt interlayer could reduce the saturation field of the CoCrPt-
SiO2(hard)/Pt/CoCrPt-SiO2(soft) has been reported by Wang et al. [89]. Qiu et al. [90] also 
reported that a proper CoCr interlayer thickness reduced the coercivity in the CoCrPt-
SiO2(hard)/CoCr /FeCoTaCr(soft) ECC media. The exchange coupling effects on the magnetic 
properties of CoPtO/Pt/CoCrPt ECC media was studied by Schuermann et al. [91]. There was a 
complicated relation between the Pt thickness and the coercivity. However, Pandey [92] found 
that Pt interlayer did not help to reduce the coercivity of CoPt-SiO2 (hard)/Pt/Co-SiO2 (soft) ECC 





media. The simulation study [93] on the effect of the interfacial exchange coupling on the 
switching of ECC media showed that full coupling could facilitate the switching of the hard layer. 
The interlayer was required to achieve the minimum coercivity only when the soft layer had a low 
Ms [94]. 
 
2.2.3 Graded Interface 
The hard/soft interface can be divided into sharp interface and graded interface according to the 
change of magnetic parameters near the interface. The originally proposed ECC media only 
contained of two different regions with the magnetic parameters changing abruptly from the hard 
layer to the soft layer (sharp interface). However, the graded interface with a continuous 
gradation of the material parameters can improve the performance of ECC media. Compared to 
sharp interface, the graded interface makes the soft magnetic phase more resistant against 
magnetization reversal, and enhancing the effectiveness of exchange coupling between the hard 
and soft layers. Based on the continuum theory of micromagnetism, Knonmüller [95] found that 
the graded interface would reduce the pinning field at the soft/hard interface, and facilitate the 
magnetization switching at a lower applied field. 
 
Depositing at elevated temperature and thermal annealing treatment are two common methods to 
induce interface diffusion for creating graded interface. An enhanced exchange coupling 
effectiveness between the hard and soft layers had been reported in parallel ECC media by 
introducing the interdiffused interface by Choi et al. [96] and Crew et at. [97]. A graded interface 
with material parameters varying between the hard and soft phases was introduced in the L10-
FePt/Fe perpendicular ECC media by Fe interdiffusion caused by high-temperature deposition. 
The coercivity was further reduced in the sample with graded interface. The graded interface with 
varying Fe and Pt composition was proofed by the XPS depth profile. Post-annealing the 





FeAu/FePt exchange spring media at 500°C to induce the graded interface was beneficial in 
reducing the pinning field [98]. 
 
2.2.4 Spin Structure in the ECC System with Perpendicular Anisotropy 
When a soft layer is coupled to a hard layer, the spin orientation inside the two layers will be 
modified due to the exchange coupling. One-dimensional continuum micromagnetic model [87] 
is commonly used in micromagnetic analysis. However, Sanchez et al. compared the atomistic 
model calculations (Figure 2.6) with the standard micromagnetic model in FePt/FeRh 
perpendicular exchange spring bilayer, and found that the continuum micromagnetic model 
underestimated the exchange energy at the interface [99].   
 
 
Figure 2.6 Schematic diagram showing the basis of the multiscale model in terms of the 
partitioning of the system into micromagnetic and atomistic regions in FePt/FeRh 
exchange bilayer system [99].  
 
Observing the spin configuration experimentally is very difficult due to the atomistic scale and 
the interactions between adjacent spins. The common characterization equipment for magnetic 
materials, such as VSM, AGFM and SQUID, which only measure the bulk magnetic properties of 





the hard/soft composite system, cannot detect the local spin orientation in the hard layer and soft 
layer. Grimsditch et al. [100] studied the magnon frequency dependence in a Sm-Co/Fe system 
using Brillouin scattering and found a good agreement with the theory developed for the one-
dimensional model. The magnon frequency was strongly related to the orientation of the 
magnetization. Therefore, the reorientation of the magnetization under the applied field can be 
detected. A local probing of the magnetization is possible by using nuclear resonant scattering 
(NRS) of synchrotron radiation, which allows one to probe very thin and even monoatomic layer. 
NRS is analog to the classical Mössbauer spectroscopy, which is only sensitive to Mössbauer 








Eu. Röhlsberger et al. [101] and Laenens et al. [102] 
respectively used NRS to measure the depth-dependent spin rotation in FePt/Fe exchange-
coupled bilayer system. When the soft layer thickness is in the exchange spring range, the 
magnetization inside the Fe soft layer gradually deviated from the easy axis of the FePt hard layer; 
while if the Fe thickness is within the rigid coupling range, the spins of Fe soft layer align with 
the anisotropy direction of the hard layer.  
 
2.2.5 Thermal Stability 
In magnetic recording, the thermal stability factor (TSF) KuV/kBT of the magnetic grains should 
be maintained at more than 60 for a storage life time of more than 10 years. The energy barrier to 
prevent magnetization reversal is the anisotropy energy of the effective volume. The thermal 
stability increases with the volume of the magnetic grain (film thickness in columnar structure) 
until it hits the maximum energy barrier – domain wall energy. A schematic diagram of the 
energy barrier with the column length is shown in Figure 2.7. Above ~50 nm column length, a 
full domain wall is formed inside the column. Beyond this length the energy barrier is saturated. 
 
In conventional perpendicular media, Sharrock’s equation [104] is applied to calculate the 
thermal stability of the media.  









































ln1  (2.6) 
 
Sharrock’s equation analyzes the time dependence of switching field. In single-domain particles 
of uniaxial anisotropy, the exponent n = 2 is used only when the external field is applied along the 
easy axis. Harrell [105] found that when the external field was deviated from the anisotropy axis 
by 15.9° the exponent n was very close to 1.5 for all external field values. Sharrock’s law is still 
predicted to hold with an exponent of approximately 1.5 for a wide range of orientation 
distribution widths, from random to a squareness value of at least 0.9.  
 
Figure 2.7 The energy barrier of an elongated CoCr particle as a function of the column length 
was calculated by minimum energy path [103]. The diameter is 13 nm, beyond 20 
nm, the reversal mode becomes inhomogeneous.  
 
In ECC media, the thermal stability is contributed mainly by the magnetically hard layer. 
Theoretically, the thermal stability of the ECC system is independent on the soft layer if 
demagnetization is not taken into account. In the in-plane SmCo5/Fe/SmCo5 exchange trilayer, 
the thermal stability was maintained or even increased with the increase of Fe soft layer thickness 
[106]. Inaba et al. [107] observed no significant change in thermal energy on stacking different 
soft layers on the CoPtCr-SiO2 perpendicular hard layer. Shimatsu et al. [108] also reported that 
there was no obvious thermal stability change in the CoPt-SiO2/Co-SiO2 perpendicular ECC 





media. The thermal stability was evaluated by Sharrock’s equation taking into account the 
variation of the exponent n. The results were further supported by the temperature-dependent 
coercivity measurement. Suess et al. [109] revised the reliability of Sharrock’s equation for 
exchange spring media using a modified nudged elastic band method. He found that the accuracy 
of the extrapolated energy barrier can be improved by measuring the dynamic coercivity at an 
angle of 45°. 
 
2.2.6 Figure of Merit 
One way to characterize the thermal stability gain of ECC media is to calculate the so called 
figure of merit  sMVHE 2 , where E is the energy barrier, M is the average saturation 
magnetization of the soft and hard region, Hs is the switching field, V is the activation volume, 
including both soft and hard region. In perpendicular magnetic recording media, Dobin and 









   hhss AMAM . For  = 1, , which was overestimated compared to the numerical 
results due to the using of infinite thickness model derived by Kronmüller and Doll. Suess 
predicted that the figure of merit was about 2.0 when   = 1 [110].  
 
2.2.7 Switching Field Distribution 
In perpendicular magnetic recording, the switching field distribution (SFD) of the recording 
media should be small enough to prevent data loss. In single-phase media, SFD is mainly caused 
by the variation of the anisotropy constant within each magnetic grain. However, the SFD in ECC 
media is more complicated because of the interaction between the hard and soft layers. The SFD 
of an exchange spring media with 10 nm soft layer coupled to 10 nm hard layer was analyzed by 
Suess [82] by considering correlated anisotropy distributions in the soft layer and the hard layer. 





It was found that the standard deviation of the SFD was smaller for exchange spring media than 
in single-phase media. Experimentally, Wang et al. [88] used multi-minor-loop method to 
measure the SFD for perpendicular media and ECC media. The SFDs for perpendicular media 
and ECC media were quite close in the [Co-PdSiO]n/FeSiO ECC media. 
 
2.2.8 Recording Performance of ECC Media 
The CoCrPt-SiO2(hard)/Pt/CoCrPt-SiO2(soft) ECC media fabricated by Wang et al. [89] showed 
a 6 times reduction of saturation writing current, more than 10 dB increases of SNR and no 
thermal stability reduction as that of the perpendicular media. Simulations done by Suess [82] 
showed that exchange spring media associated with smaller switching field distribution and faster 
switching process, compared to the single-phase media.  
 
2.3 FePt-based Perpendicular ECC Media  
L10-FePt is a promising candidate for Tbit/in
2
 ultrahigh density magnetic recording due to its 
large anisotropy constant Ku of 7×10
7
 erg/cc and high corrosion resistance.  However, the current 
writing head cannot provide sufficient magnetic fields in writing the L10-FePt perpendicular 
recording media. Therefore, ECC media consisting of a granular L10-FePt layer exchange-
coupled to a granular soft magnetic layer such as Fe has been designed to solve the writing 
problem.  
 
FePt-based exchange spring bilayer has been largely applied in investigating the fundamental 
issues such as hard/soft interface exchange coupling, interface configuration, and magnetization 
reversal mechanism. Exchange coupling strength between FePt hard magnetic layer and Fe soft 
magnetic layer has been studied with a Ru spacer layer [111]. An oscillation period of about 1 nm 
was found for the hard/soft interface exchange coupling. However, direct coupling without any 





spacer layer could help reducing the coercivity more effectively. The interface configuration 
between L10-FePt and Fe layers can be observed by high resolution TEM images or extended x-
ray absorption fine structure (EXAFS). Nuclear resonant scattering of synchrotron radiation is 
quite advanced for studying the magnetic properties at the interface. A thin probing layer of 
57
Fe 
can be located in different depth of the Fe soft layer, thus the spin structure of the Fe layer can be 
constructed by measuring the local magnetic moment of the probing layer. The dependence of 
magnetization reversal for FePt-based exchange-coupled bilayer on the soft layer thickness has 
been studied by Sun et al .[112] and Casoli et al. [113] in FePt/Fe bilayer, and by Xu et al. [114] 
in L10-FePt/CoCrPt bilayer. A rigid coupling with coherent switching of the hard and soft layers 
existed in the thin soft layer of 1-2 nm, beyond this length exchange spring behavior dominated. 
 
Goll and Macke [115] examined the thermal reversal and the corresponding energy barriers of 
different ledge-typed ECC perpendicular media using nudged elastic band method. They found 
that nanopatterns of isolated ledge-type L10-FePt/Fe film had higher thermal stability grain. 
Lomakin et al. [116] pointed out that patterned media implementing such ledge-typed elements 
can allow for recording density above 10 Tbits/in
2
. Experimentally, ledge-typed L10-FePt based 
perpendicular ECC media with irregular island-like grain structure (Figure 2.8) was fabricated by 
capping a soft magnetic layer [117, 118]. The L10-FePt thin film was mainly deposited under high 
temperature on MgO (001) single crystal substrate to form the isolated island-like granular 
structure. The coercivity decreased with the increasing of the soft layer thickness. Another ledge-
typed ECC media with core-shell grain structure (Figure 2.9) was reported by Ma et al.  [119]. 
With 3 nm Fe capping layer deposited on the 3.2 nm L10-FePt hard layer, the coercivity reduced 
from 30.6 kOe to 7.85 kOe. The thermal stability gain was 1.89 and 3.55 for the FePt/Fe with 3 
nm and 5 nm Fe soft layer, respectively. An interfacial disorder in the L10-FePt caused by 
capping amorphous Al2O3 thin layer at room temperature can reduce the coercivity drastically 
[120, 121]. The assembly of the partially disordered FePt nanoparticles was equivalent to the 





hard/soft ECC media. The coercivity decreased with the increasing thickness of the interfacially 
disordered FePt portion.   
 
Figure 2.8: (a) SEM images of 5 nm FePt films prepared by co-sputtering Fe and Pt on MgO 
(100) substrate heated to 800°C. (b) Cross-sectional TEM image of the island-type 
nanostructure of L10-FePt (5 nm)/Fe(3 nm)/Pt (3 nm) [117]. 
 
 
Figure 2.9: Cross-sectional TEM image of the FePt/Fe (5 nm) ECC media. The schematic 
diagrams of the side view and top view of the core-shell structure are shown [119].  
 
FePt-based ECC media with graded interface is another hot research topic. The graded interface 
can be formed by either post-annealing the ECC sample or elevated temperature deposition of the 
soft layer. A graded interface with material parameters varying between the hard and soft phases 
was introduced in the L10-FePt/Fe perpendicular ECC media by Fe interdiffusion caused by high-
temperature deposition [122]. The coercivity was further reduced in the sample with graded 
interface. The magnetic properties of the L10-FePtCu/[Co/Pt]n ECC media before and after rapid 
thermal annealing (RTP) was compared by Makarov et al. [123]. The effective exchange 





coupling can be tuned by RTP. Post-annealing the FeAu/FePt exchange spring media at 500°C to 
induce the graded interface was beneficial in reducing the pinning field [98]. Post-annealing by 
RTP to induce the graded interface in FePt/Fe exchange-coupled bilayer was also reported by 
Tsai et al. [124]. The interface structure of the L10-FePt/Fe3Pt ECC film was investigated by Li et 
al. [125]. The self-assembled FePt nanoparticles produced L10-FePt magnetically hard phase and 
Fe3Pt soft phase after vacuum annealing at 650 and 750°C. 
 
FePt-based ECC media with granular structure was difficult to fabricate. Doped FePt magnetic 
layer was used as the granular hard layer. Zhou et al. [126] reported the L10-FePt-TiO2/FePt-TiO2 
(soft) exchange-coupled thin films with grain size around 5 nm. However, there was no cross-
sectional TEM image to show the details of the granular structure. Exchange coupling assisted 
L10-FePtC/fcc FePtC perpendicular recording media was studied by Hu et al. [127]. The soft FePt 
grains did not exactly followed the granular structure of the underlying hard FePt layer, with 
some grains stacked on the grain boundaries of the bottom hard layer as shown in Figure 2.10. 
George et al. [128] used FePt-SiO2 deposited at low temperature as the soft layer and FePt 
multilayer deposited at high temperature on MgO to form the L10 hard phase and granular 
structure. The paper did not provide enough information about the cross-sectional microstructure.   
 
 
Figure 2.10 Cross-sectional TEM images of the FePtC (10 nm, hard)/FePtC (5 nm, soft) [127]. 
 





3 Experimental Techniques  
 
This chapter gives an overview of the key equipment used for sample preparation and 
characterization in the research projects. The thin films were fabricated by sputtering deposition. 
The characterization mainly focuses on the crystalline structure, microstructure including the 
plane-view, cross-section and topography, and the magnetic properties.  
 
3.1 Sample Preparation  
All the thin films of the samples are deposited by magnetron sputtering. In the research work, two 
types of substrate are used for film deposition: Corning glass (which can sustain temperature as 
high as 500°C) and (001)-textured MgO single crystal substrate (which has the dimension of 
1cm×1cm×0.5mm, and one side is polished). L10-phase FePt thin films were deposited directly 
on the MgO substrate or indirectly on the Corning glass substrate at elevated temperature. In the 
following subsections, the working principle of magnetron sputtering and sputtering details will 
be presented.  
 
3.1.1 Sputtering  
Sputtering, which uses accelerated ions to bombard and eject the source material, is a useful 
technique in the deposition of thin films. Sputtering has the advantage to produce highly uniform 
films over large area and is applicable to both metallic and non-metallic materials.  Besides, 
sputtering has independent control over many parameters like deposition power, working gas 
pressure and temperature, which affects the deposition rate and film properties.  
 
In the sputtering system, firstly gaseous plasma (including neutral gas atoms, ions, electrons and 
photons) is created by an energy source either DC (direct current) or RF (radio frequency) voltage. 
This can be done by continuously feeding a certain amount of Ar gas into a high vacuum chamber 





and introducing a live electrode. The Ar
+
 ions inside the plasma are accelerated towards the 
negatively charged cathode (target) and bombard the target surface to eject the free electrons and 
neutral particles (atoms, clusters of atoms or molecules) by energy transfer. On the way of those 
traveling particles, the substrate is coated with a thin layer of the target material. 
 
To enhance the deposition rate and reduce the electron bombardment to the substrate, magnetron 
sputtering is introduced. In magnetron sputtering, the free electrons are trapped by the magnetic 
field just above the target surface which is generated by the magnet behind the target. Therefore, 
electrons are not free to bombard the substrate. Meanwhile, the trapped electrons are spiraling on 
the target surface. This increases the ionization of Ar gas and film deposition rate by several 
magnitudes. For magnetic targets such as FePt, CoPt, Fe, Ni, and Co, stronger magnetic field is 
needed to overcome the shunting effect of the high permeability target in order to induce the 
plasma. 
 
3.1.2 Sputtering System 
There are two sputtering systems used for film fabrication. One is a self-assembled oblique 
sputtering system (four 3˝-targets) by Data Storage Institute; the other is an AJA ATC 2000 UHV 
sputtering system (seven 2˝-targets). Both sputtering systems use con-focal sputtering 
configuration where multiple targets are arranged in a specific circular pattern and are aimed at a 
common focal point. When a substrate is placed in the vicinity of this focal point and rotated on 
its own axis, it is possible to deposit highly uniform single layers, multi-layers and co-deposited 
alloy films. These two sputtering systems are also equipped with 800°C rotating substrate heater 
for direct depositing the films at elevated temperature and in-situ annealing.  
 
 





All the films were deposited using magnetron sputtering with the base pressure below 5.0×10
-7
 
Torr. For the films deposited at elevated temperature, before deposition the substrate was in-situ 
annealed at the desired temperature for 15 min to insure that the substrate had reached this 
temperature. In this thesis, the Ar working pressure used for each layer has been optimized before 
by other colleagues in the group. 1 mTorr was used for CrRu under layers, 10 mTorr was used for 
FePt, Fe and MgO films, and 3 mTorr was used for C and Au capping layers. The film deposition 
rate was calibrated with disk profile for measuring the film thickness at room temperature before 
the sample fabrication.  
 
3.2 Structural Characterization 
This section mainly focuses on the basics of those facilities used in characterizing the crystalline 
texture of the thin films such as x-ray diffractometer (XRD) and observing the microstructure of 
the samples such as scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and atomic force microscopy (AFM).  
 
3.2.1 X-Ray Diffractometer (XRD) 
XRD is a non-destructive analytical technique which reveals information about the 
crystallographic structure (e.g. texture, orientation and phase), and physical properties (e.g. 
crystallite size, stress, film thickness and roughness) of thin films. In X-ray crystallography, the 
pattern produced by the diffraction of X-rays through the closely spaced lattice of atoms in a 
crystal is recorded and then analyzed to reveal the nature of that lattice. This generally leads to an 
understanding of the material and molecular structure of a substance. The diffraction is governed 
by Bragg’s law 
  sin2 hkldn   (3.1) 
 





where n is a positive integer that defines the order of diffraction,  is the x-ray wavelength (1.542 
Å for Cu Kα1 radiation), dhkl is the inter-planar spacing of the (hkl) plane, and  is the incident 
beam angle. For diffraction to happen, crystal must have the correct orientation with respect to 
the incoming beam. Diffraction peaks can be broadened by strains, defects, finite grain size 
effects, and instrumental resolution. 
 
In the experiment, a Bruker D8 Advance XRD was used to carry out the basic scan and 
rocking curve scan. The  scan tests the crystalline texture of the thin film, and rocking curve 
investigates the orientation of the crystallite. When doing rocking curve scan, the detector is fixed 
at the 2θ angle, while the sample position is tilted in the (θ-α, θ+α) range. 
 
3.2.2 Scanning Electron Microscopy (SEM) 
SEM is a technique applying for high-resolution imaging of surfaces. Instead of using light as 
source in optical microscopy, SEM uses an electron beam to scan the surface in a raster scan 
pattern. The interaction of electron beam with the sample surface produces certain important 
signals including secondary electrons, backscattered electrons, characterized x-ray, light, 
specimen current and transmitted electrons, which gives the information about the sample 
topography, composition, and other properties such as electrical conductivity. SEM has an 
extremely large controllable magnification range from 10 to 500,000 times and great depth of 
field. Usually, a secondary electron detector is equipped for imaging the topography, and an 
energy dispersive x-ray spectrometer (EDS) is used for qualitative and quantitative chemical 
analysis. More details can be found in Ref. [129].  
 
In the projects, a Philip field-emission SEM and a desktop Zeiss SEM is used for the image 
taking. The electron energy of 5 keV was applied when taking images.  





3.2.3 Transmission Electron Microscopy (TEM) 
TEM is widely used in medical, biological and materials research due to its high magnification. 
The resolution can be in the order of a few angstroms (10
-10
 m). Hence, it is very useful for 
observing the nanoscale microstructure. Different from the optical microscopy, TEM uses 
electron beam instead of light. The extremely small wavelength of electron beam provides the 
high resolution. During the operation, a beam of electrons is transmitted through an ultrathin 
specimen, interacting with the specimen as it passes through. An image is formed from the 
interaction, and then the image is magnified and focused onto an imaging device. Based on the 
operation mode, the images can be divided into bright field image and dark field image. TEM can 
also give diffraction pattern and energy dispersive X-ray (EDX) if equipping with an EDX 
analyzer. One of the difficult tasks is sample preparation, which can be a complex procedure 
especially for samples prepared on single crystal substrates. All the TEM images in this thesis 
were taken by JOEL JEM-2010F Transmission Electron Microscopy with accelerating voltage of 
200kV and a high resolution ~ 0.23 nm. 
 
3.2.4 Atomic Force Microscopy (AFM) 
AFM is one type of scanning probe microscopy with resolution down to few nanometers. It is 
commonly used for obtaining the surface topography and roughness. Different from SEM, AFM 
provides three-dimensional surface profile, it does not require special operation environment, and 
has no electron charging problem.  
 
The basic working principle of AFM is illustrated in Figure 3.1. An extremely sharp tip (probe) is 
mounted to a cantilever which is attached to a piezoelectric scanner tube. The tip scans over a 
selected area in a raster scan pattern. The interatomic interaction between the tip and the surface 
causes the cantilever to deflect as the sample’s surface topography changes. The deflection is 
detected sensitively by the photodiodes from the reflection of the laser light at the back of the 





cantilever. The feedback from the detectors provides the information of the surface topography 
and is used to control the scanning operation.  
 
A Veeco Dimension 3100 AFM was used in the project to examine the film surface topography 
and surface roughness. Tapping mode was applied during the scanning operation. MFM tip was 
loaded for characterizing the magnetic domain structure.  
 
Figure 3.1 Block diagram of atomic force microscopy. 
 
3.3 Characterization of Magnetic Properties 
3.3.1 Polar Magneto-optic Kerr Effect (MOKE) Magnetometer 
MOKE magnetometer is useful in studying the surface magnetism as it is highly sensitive to the 
magnetization within the skin depth of around 30nm. The Kerr effect describes the interaction of 
electromagnetic waves with magnetic materials. When the linearly polarized light passes through 
a magnetic material, which is subjected to an external field, the light polarized direction is rotated. 
This effect is proportional to the magnetization of the magnetic materials. Hence, the hysteresis 
loop obtained reveals the magnetic properties.  





There are three operation modes: longitudinal, transverse and polar modes. The longitudinal and 
the transverse modes are used to study the samples exhibiting in-plane anisotropy, while polar 
mode is to study the sample exhibiting out-of-plane anisotropy. In the project, a polar MOKE 
magnetometer with a maximum magnetic field of 25 kOe was used to measure the magnetic 
properties of the FePt-C magnetic layer. 
 
3.3.2 Vibrating Sample Magnetometer (VSM) 
VSM is a widely used equipment to characterize the magnetic properties of any magnetic 
materials. When a sample is placed within a uniform magnetic field and made to undergo 
sinusoidal motion (i.e. mechanically vibrated), the magnetic flux will change. According to 
Faraday’s law of electromagnetic induction, this induces a voltage in the pick-up coils and the 
voltage is proportional to the magnetic moment of the sample. Hence a relation between the 
magnetic moment and the applied field is established as shown in a hysteresis loop. 
 
VSM can measure the basic hysteresis loop, initial curve, remanence curve like direct current 
demagnetization (DCD) curve and isothermal remanence (IRM) curve, multi-segment loop, 
angular dependent measurement, and so on so forth. The advantages of VSM are: the angle 
between the sample surface and the applied magnetic field can be adjusted; some more advanced 
one companies with heating and cooling system for high temperature and low temperature 
measurement. 
 
3.3.3 Magnetic Property Measurement System (MPMS) Sample Magnetometer  
The MPMS provides a very sensitive magnetic measurement together with the precise control of 
temperature, magnetic field and exposure time. The design includes a superconducting quantum 
interference device (SQUID) detection system, a precision temperature control unit, a high-field 
superconducting magnet, and a sophisticated computer operating system. 





 SQUID detection system:  an extremely sensitive flux-to-voltage converter with 
sensitivity around 1×10
-8
 emu. DC and RF SQUID which are made of Josephson 
junctions can detect the flux density change caused by the sample in the superconducting 
pick up loops.  
 Temperature control: range: 1.9 – 400 K (800 K with optional oven); temperature 
stability: ±0.5%; two Cernox thermometers with calibration accuracy of ±0.5%. 
 Superconducting magnet: high uniformity of the magnetic field from 0.05 Oe – 7 Tesla, 
multifilament NbTi superconducting wire; working under low temperature by liquid He 
cooling.  
 Computer operating system: MPMS uses MultiVu Windows-based Software Interface, 
which allows full automation in controlling measurements, collecting data and quick 
analysis. 
 
Figure 3.2 SQUID (Superconducting Quantum Interference Device). 
 
3.3.4 Alternating Gradient Force Magnetometer (AGFM) 
AGFM is a very sensitive equipment to measure the magnetic properties, of which the sensitivity 
can exceed 10
-8
 emu. Compared to conventional VSM and SQUID magnetometer, the 
measurement using AGFM is much fast. A normal hysteresis loop can be measured in just few 
minutes depending on the step size and waiting time for each step, while for VSM and SQUID it 





may take more than half an hour and half a day, respectively, also depending on the setting 
conditions. 
 
The working principle is described as follows. The magnetic sample is mounted on the end of a 
cantilevered rod that incorporates a piezoelectric element. The sample is magnetized by a dc field 
(variable in magnitude), and is simultaneously subjected to a small alternating field gradient. The 
alternating field gradient exerts an alternating force on the sample, proportional to the magnitude 
of the field gradient and to the magnetic moment of the sample. The resulting deflection of the 
cantilever rod is measured by the voltage output of the piezoelectric element. The magnitude of 
the voltage gives the equivalent value of the magnetic moment. 
 
The AGFM used in the project was Princeton Measurement Corp. MicroMag
TM
 Model 2900. It    
has the similar functions to VSM in measuring the magnetic properties, but with the advantages 
of high sensitivity and fast measurement, and the disadvantage is that only in-plane and out-of-
















4 FePt-C Exchange Spring Multilayer 
As mentioned in the introduction part, writability becomes one big challenge in the realization of 
L10-FePt perpendicular recording media due to the large magneto-anisotropy (4-7×10
7
erg/cc) [15]. 
To reduce the switching field of large-Ku perpendicular magnetic media without sacrificing the 
thermal stability, domain wall assisted media [130] such as exchange-coupled composite (ECC) 
media or exchange spring media, multilayer exchange spring media, and graded media have been 
proposed. One common characteristic of these proposed media is that one or more magnetically 
soft phases are exchange-coupled to a magnetically hard phase. The hard phase can supply the 
high thermal stability, and the soft phase assists the switching of the hard phase at a lower 
external field. Simulation results have shown that in ECC media the maximum coercivity 
reduction cannot exceed 5 and the optimum anisotropy of the magnetically soft layer should be 
1/5 of the hard magnetic layer [79]. Experimentally, exchange coupling assisted FePt-C media 
consisting of L10 FePt/fcc FePt and FePt-TiO2 ECC bilayer media have been reported [126, 127]. 
L10-FePt/Fe exchange spring media has been reported in which the anisotropy-graded interface 
was controlled by FePt chemical composition via Fe natural diffusion [122]. The coercivity was 
reduced to half, which was much smaller comparing to the simulation results. To further reduce 
the switching field, Suess proposed the multilayer exchange spring media or graded media, with 
the magnetic anisotropy constant within the magnetic columnar grain reducing linearly or in a 
parabolic profile along the film normal direction. The magnetization is reversed through domain 
wall motion from the soft end to the hard end. The switching field is determined by the pinning 
field at the hard/soft interface. The graded anisotropy profile reduces the pinning field and 
improves the writability. Numerical simulation showed that the switching field reduction factor 
could be more than 7 in a trilayer structure with an optimal design [130]. To date, few 
experimental results have been reported on the multilayer exchange spring media based on 
varying the anisotropy.   





In order to push the magnetic recording density beyond 1 Tbits/in
2
, the recording media should 
have uniform grains with size less than 7 nm. The grain size control in L10-FePt films has been 
well studied by doping the film with other elements. Here, 21 at.% C was doped into the FePt to 
control the grain isolation and grain size. C doping does not affect the L10 phase ordering of FePt 
perpendicular media significantly. Furthermore, C doping can greatly reduce the FePt grain size, 
and enhance the exchange-decoupling between the adjacent magnetic grains. FePt-C thin films 
with grain size smaller than 10 nm and narrow size distribution have been reported by Chen [75] 
and Perumal [39].  
 
In this chapter, the magnetic properties and microstructure of FePt-C multilayer exchange spring 
samples were reported. The anisotropy variation in the multilayer exchange spring media was 
realized by changing the deposition temperature of each FePt-C layer. Lim et al. [50] had 
reported that the chemical ordering and magnetocrystalline anisotropy of FePt film enhanced with 
increasing deposition temperature. Hence, the effects of film deposition temperature and film 
thickness on the microstructure and magnetic properties of FePt-C films were investigated at the 
beginning. Based on the temperature effects on the magnetic hardness of the FePt-C films, FePt-C 
hard/soft bilayer and trilayer samples were developed by subsequently reducing the deposition 
temperature of the FePt-C film from the bottom layer to the top layer. All the FePt-C films were 
prepared on the CrRu/MgO underlayers, which helped to induce the L10 (001) texture at a lower 
temperature through heteroepitaxial growth by the following relationship - CrRu (002) <110> || 
MgO (100) <001> || FePt (001) <100> [131]. 
 
4.1 Experimental Details 
The samples were fabricated by DC/RF magnetron sputtering using DSI oblique four-target 
sputtering system. All the FePt-C films were deposited on corning glass/CrRu (30 nm)/MgO (2 
nm) [49] by using a composite FePt-C target with 21 at.% C or 17% in volume fraction. To 





investigate the effects of deposition temperature, film thickness and multilayer structure on the 
microstructure and magnetic properties of FePt-C, three series of samples were prepared as 
shown below. 
− Deposition temperature study: FePt-C film thickness was fixed at 10 nm and the 
deposition temperature varied from 290°C to 390°C.  
− Film thickness investigation: the deposition temperature was kept at 390°C, while the 
film thickness was 6, 8, 10 and 15 nm.  
−  FePt-C multilayer samples: the sample structures were glass/CrRu (30 nm)/MgO (2 
nm)/FePt-C (6 nm, 390°C)/FePt-C (4 nm, 340°C)/FePt-C (0, 2, 6, 8 nm, 290°C).  
 
The detailed sputtering conditions are shown in Table 4.1. 
Table 4.1 The sputtering conditions for the deposition of CrRu, MgO and FePt-C layers, which 
includes deposition temperature, power, pressure, and rate, for each layer. 
 Temperature(°C) Power(W) Pressure(mTorr) Deposition rate(nm/min) 
Cr90Ru10 390 100 1 7.6 
MgO 80 100 10 0.5 
Fe55Pt45C 390, 365, 340, 310, 290 50 10 2.9 
 
The crystalline structure and microstructure were characterized by a Bruker D8 Advance XRD 
with a Cu K radiation and JOEL JEM-2010F TEM, respectively. Magnetic properties were 
measured by MOKE magnetometer and AGFM. 
 
4.2 Results and Discussion 
4.2.1 The Effect of Deposition Temperature on the Magnetic Properties of 10 nm FePt 
Thin Film  
The 10 nm FePt-C thin film was deposited at the following substrate temperatures: 290, 310, 340, 
365, and 390°C. A schematic diagram of the sample layer structure is shown in Figure 4.1.  






Figure 4.1 Schematic representation of the layer structures. 
 
Figure 4.2(a) shows the XRD diffraction patterns of the 10 nm FePt-C films deposited at different 
temperatures on CrRu/MgO underlayers. For FePt films, only L10 (001), (200)/(002) peaks were 
observed. The dominant (001) texture indicated that the [001] magnetic easy axis was aligning in 
the film normal direction. The presence of perpendicular magnetic moment was further proved by 
the large out-of-plane remanence. Although the L10 phase was formed at temperature as low as 
290°C, the amount of L10 phase was still small. With the further increase of deposition 
temperature, the fraction of L10 phase inside the film enhanced which was revealed by the 
increase of the FePt (001) integrated peak intensity. The chemical ordering of L10 phase can be 
characterized by the ordering parameter S, which is proportional to the square root of the 
integrated peak intensity ratio of (001) superlattice peak to (002) fundamental peak - (I001/I002)
1/2
 
[132]. Figure 4.2(b) shows the value of (I001/I002)
1/2 
as the function of deposition temperature.
 
When the deposition temperature increased from 290°C to 360°C, (I001/I002)
1/2
 increased 
significantly. This indicated that the chemical ordering of L10-FePt phase improved and the 
amount of L10 phase increased. With increasing the deposition temperature to 390°C, the 
chemical ordering increased slightly. The percentage of L10 phase was going to saturate when the 
deposition temperature was above 360°C.  






Figure 4.2 (a) XRD diffraction patterns of the 10 nm FePt-C films deposited at 290, 310, 340, 
365 and 390°C, respectively. (b) The plot of calculated peak intensity ratio 
(I001/I002)
1/2
 as the function of deposition temperature. 
 
Figure 4.3 shows the cross-section TEM images for the samples with FePt-C film deposited at 
290°C, 340°C and 390°C, respectively. Continuous film structure was observed in the FePt-C 
layer deposited at 290°C. At the deposition temperature of 340°C, a semi-continuous structure 
was obtained in the FePt-C film. When the FePt-C film was deposited at 390°C, well isolated 
granular structure was observed. The film microstructure changed from continuous structure at 
low deposition temperature to granular structure at high deposition temperature. The temperature 
dependence of microstructure in the FePt film had also been reported [133, 134]. At low 
temperature the atoms do not have sufficient surface mobility for three-dimensional growth of 
isolated structure. As temperature increases, the enhanced kinetic energy may increase the 
separation of C from the FePt grain and suppress gain growth. Hence, relatively isolated structure 
is formed. However, the plane-view image of FePt-C film deposited at 390°C (refer to Figure 4.7) 
showed that some of the magnetic grains were interconnected, which was also observed in the 
FePt-C films with low C volume fraction in [39]. The incomplete grain isolation may be due to 
the insufficient C doping. For uniformly isolated grains with 10 nm in diameter and 1 nm grain 
boundary of C, the amount of C required should be around 30 vol. %. The content of C in the 





FePt-C films was around 17 vol. %, which was far below the desired value. Another reason may 
be the nucleation of FePt grains on top of the MgO buffer layer. The grain shape can be affected 
by the buffer layer topography.  
 
 
Figure 4.3 Cross-section TEM images of the samples with FePt-C film deposited at 290°C, 
340°C and 390°C, respectively. 
 
Figure 4.4(a) shows the out-of-plane hysteresis loops of the FePt-C films deposited at various 
temperatures. With increasing deposition temperature, the steepness of the loop slope at 
coercivity declined due to the reduction of lateral exchange coupling inside the FePt-C film. The 
change of lateral exchange coupling strength can be explained by the film microstructure. The 
FePt-C film with non-granular structure should have a large lateral exchange coupling. With the 
grains became more separated, the intergranular exchange coupling or lateral exchange coupling 
decreased, which led to the decline of the loop slope at coercivity. The magnetic coercivity of 
FePt-C increased significantly with the deposition temperature as illustrated in Figure 4.4(b), 
which can be due to both the improvement of L10 phase ordering and the decrease of lateral 
exchange coupling. Figure 4.4(c) plots the magnetocrystalline anisotropy constant Ku versus the 
deposition temperature. Here Ku was calculated according to the definition of anisotropy energy, 
the difference in energy when the sample is saturated in the hard-axis direction and in the easy-
axis direction, which is the area inclosed between the hard-axis and easy-axis magnetization 
curves. Both in-plane (hard-axis) and out-of-plane (easy-axis) hysteresis loops were measured 
with the maximum applied field of 20 kOe. Because the in-plane hysteresis loop cannot be 





saturated, both hysteresis loops were extrapolated to an intercept. The enclosed area was 
integrated to give the effective anisotropy constant. The demagnetization energy density was 
added to give the final Ku. The plot in Figure 4.4 (c) showed that the magnetic anisotropy 
constant of FePt thin film increased dramatically with the increase of deposition temperature, 
which was attributed to the enhancement of the chemical ordering degree. 
 
 
Figure 4.4 (a) Out-of-plane hysteresis loops of the FePt-C films deposited under different 
temperatures; (b) Coercivity as a function of deposition temperature; (c) Crystalline 
anisotropy constant as a function of the deposition temperature. 
 
Figure 4.5 shows the recoil loops of the FePt-C films deposited at 290°C, 340°C and 390°C, 
respectively. The recoil loops are frequently used in the exchange-spring magnet [76] for 
studying the soft/hard phase exchange coupling effect and the magnetization reversal mechanism. 
The measurement of recoil loops was conducted by cycling the magnetic field between the 
increasing negative field and zero field after the sample was exposed to a 20 kOe external 
magnetic field [135]. For the FePt-C film deposited at 390°C, the slope of the recoil loops was 
very small, and the loops were closed up. When the deposition temperature decreased to 340° or 
290°, both the slope and openness of the recoil loops increased. The increasing of slope 
corresponded to more reversible magnetic moment and the increasing amount of soft phase, 
which was consistent with the results of the crystalline texture. The loop opening can be caused 
by the thermal fluctuation in the soft phase [136]. The results revealed that with the increasing in 





film deposition temperature, the degree of L10 phase ordering improved, and the fraction of the 
hard phase increased. It has been reported that intergrain exchange coupling can also induce 
unstable moments near the grain boundaries in a single phase nanocrystalline hard magnet. The 
closed recoil loops in the FePt-C film deposited at 390°C implied that the intergrain exchange 
coupling was weak, which agreed with the granular microstructure.   
 
 
Figure 4.5 Recoil loops of the 10 nm FePt-C film deposited at (a) 290°C, (b) 340°C and (c) 
390°C. The inserted graphs in (a) and (b) are the enlarged part of the recoil loops. 
 
The deposition temperature of FePt-C film greatly affected the crystalline texture, with the L10 
phase ordering and FePt (001) texture enhanced with the increase of deposition temperature. At 
the deposition temperature of 290°C, the content of L10 phase and the chemical ordering were 
low. The presence of both soft phase and hard phase was revealed by the large reversible 
magnetization in the recoil loops. The microstructure changed from continuous film structure to 
isolated granular structure as the deposition temperature increased from 290°C to 390°C. The 
change in chemical ordering and in microstructure led to the increase of coercivity and magnetic 
anisotropy with the increase of deposition temperature.  
 





4.2.2 The Influence of Film Thickness on the Magnetic Properties of FePt Thin Film 
The FePt-C film deposited at 390°C had a highly ordered L10 phase with (001) texture and a large 
magnetic anisotropy of 1.8×10
7
 erg/cc. Its anisotropy field was around 36 kOe, which was well 
beyond the writing field limitation. In current work, we used the FePt-C film deposited at 390°C 
as the hard layer for the exchange spring media. The thickness of the hard layer in the multilayer 
exchange spring media strongly affects the thermal stability. When the thickness of the columnar 
grain increases, the total anisotropy energy ( VKu ) and the thermal stability increases. However, 
when the thickness is larger than the domain wall width and the magnetization switching 
processes domain wall motion, the energy barrier is determined by the domain wall energy, where 
a maximum thermal stability is reached. The Bloch domain wall width of the FePt-C film 




nmKAl uDW 4.9/4   (4.1) 
 
Here the exchange stiffness is 10
-6
 erg/cm, and the magnetic anisotropy used is 1.8×10
7
 erg/cc. 
Further increasing the hard layer thickness does not benefit the thermal stability because the 
energy barrier maintains a constant and is equal to the domain wall energy. In the following, the 
thickness effects of the FePt-C film deposited at 390°C on the microstructure and magnetic 
properties were studied.  
 






Figure 4.6 XRD diffraction patterns of the 6 nm, 8 nm and 10 nm FePt-C films deposited at 
390°C. 
 
Figure 4.6 shows the XRD θ-2θ scan results for the FePt-C films deposited at 390°C with the 
thickness of 6 nm, 8 nm and 10 nm, respectively. It was found that except the L10 (001), 
(200)/(002) peaks, no other peaks was observed, indicating the films were (001) orientated and 
thus had perpendicular magnetocrystalline anisotropy. The integrated intensity of (001) peak 
increased with increasing the film thickness due to the fact that the intensity of the diffraction 
peaks is proportional to the x-ray coherent length in the film normal direction for the -2 scan. 
However, the peak intensity ratio – (I001/I002)
1/2
 did not change significantly under different film 
thicknesses, which implied that FePt chemical ordering was maintained and the 
magnetocrystalline anisotropy was almost independent of the film thickness in the thickness 
range of 6 - 10 nm. The plane-view TEM images of FePt-C films with the thickness of 6, 8 and 
10 nm are shown in Figure 4.7. It was found that partially interconnected granular structure also 
existed in the film thickness of 6 and 8 nm, and the grain grew slightly with the increase of the 
film thickness. The average grain size increased from 10 nm to 12 nm when the film thickness 
changed from 6 nm to 10 nm. Figure 4.8(a) shows the out-of-plane hysteresis loops of the 
samples with different FePt-C film thicknesses, and (b) shows the corresponding coercivity as a 





function of film thickness. The squareness of the loops was quite similar and the coercivity did 
not change much. Coercivity in hard magnetic materials is strongly dependent on the magnetic 
anisotropy constant. As mentioned in the crystalline structure, the anisotropy constant was almost 








Figure 4.8 (a) The out-of-plane hysteresis loops of the single layer FePt-C films with different 
thicknesses. (b) The plot of coercivity as a function of film thickness. 
 





4.2.3 FePt Exchange Spring Bilayer and Trilayer 
Multilayer exchange spring media has the potential in solving the writability problem for the 
extremely hard magnetic media such as L10 FePt. In the multilayer exchange spring media, the 
magnetic anisotropy decreases sequentially from one end of the columnar grain to the other end. 
Our experimental results showed that the anisotropy constant was effectively controlled by the 
deposition temperature. Therefore, the anisotropy variation in the exchange spring media was 
realized by depositing each FePt-C film at a subsequently reduced temperature. Bilayer and 
trilayer FePt-C exchange spring samples were prepared for the study of the microstructure and 
magnetic properties. Most of the currently reported ECC or exchange spring media used the 
magnetically hard layer with the thickness more than the domain wall width. Here we chose the 6 
nm hard layer with the thickness smaller than the domain wall width (9.4 nm). The purpose is to 
study the thermal stability change and the magnetization switching mechanism.  For the trilayer 
FePt-C samples, the thickness of the soft magnetic layer deposited at the lowest temperature 
(290°C) was varied. An overview of the FePt-C samples is given in Table 4.2.  




 Bottom layer (390°C) Middle layer (340°C) Top layer (290°C) 
S6 6 nm Nil Nil 
B64 6 nm 4 nm Nil 
T642 6 nm 4 nm 2 nm 
T646 6 nm 4 nm 6 nm 
T648 6 nm 4 nm 8 nm 
a
The capital letters - S, B, T, stand for single layer, bilayer, and trilayer, respectively; the 
individual numbers after the letters represent the film thickness of each layer in nanometer. 
 
Figure 4.9 shows the XRD diffraction patterns of single layer, bilayer and trilayer FePt-C samples. 
All the samples had the perpendicular anisotropy as indicated by the FePt L10 (001) preferred 
orientation. However, for sample T648, a weak fcc (111) peak corresponding to the magnetically 





soft fcc phase was observed. The small fraction of fcc phase in the top FePt-C layer deposited at 
290°C was due to the incomplete phase ordering transition. Figure 4.10 shows the cross-section 
TEM images of this series of samples. The single layer FePt-C film showed a single layer of 
granular structure with clear grain boundaries. In the bilayer FePt-C films, a two-layer structure 
was observed with a closely-packed bottom layer and an isolated granular overlayer. The grain 
boundaries in the bottom layer were not clearly distinguished. In the trilayer FePt-C samples, 
although the three FePt-C films were deposited independently, a two-layer microstructure similar 
to the bilayer films was formed. It was found that in the two-layer microstructure the grain 
isolation of the overlayer, which consisted of the two FePt-C films deposited at 340°C and 290°C, 
was much better than the bottom layer. Although the bottom layers of the bilayer and trilayer 
samples were fabricated under the same conditions as the 6 nm single layer film, the 
microstructure showed that the bottom layers of the multilayer samples had larger grain size 
along the lateral direction and the grain boundaries were less clear. This might be caused by the 
15-min preheating in the bilayer sample or the twice 15-min preheating in the trilayer samples for 
the deposition of the following other FePt-C layers and the C diffusion up to the film surface 
along grain boundaries during the film growth [137]. The microstructure of our samples deviated 
from the originally proposed exchange spring media which required the vertically anisotropy-
graded grains to be in a single column.  
 






Figure 4.9 The XRD patterns of Sample S6, B64, T642, T646 and T648. 
 
 
Figure 4.10 The cross-section TEM bright field images of S6, B64, T646 and T648. 
 





The out-of-plane hysteresis loops of this series of samples are shown in Figure 4.11(a). Figure 
4.11(b) showed that the out-of-plane coercivity decreased with increasing the number of softer 
layers and increasing the thickness of the soft layer. The 6 nm FePt-C single layer film had the 
largest coercivity of 10.8 kOe. The coercivity was reduced to 9.8 kOe in the bilayer sample with 
the additional 4 nm softer FePt-C film deposited at 340°C. For the trilayer films, the coercivity 
was further reduced with the increase of the soft layer thickness. The smallest coercivity of 5.4 
kOe was found in sample T648. A maximum coercivity reduction factor of 2 was obtained for 
T648. The magnetization reversal mechanism was responsible for the coercivity reduction. In 
order to clarify the magnetization switching mechanism in bilayer and trilayer FePt-C samples, 
their recoil curves were measured as shown in Figure 4.12. For samples B64 and T642, upon 
removal of the applied field, the magnetization remained almost unchanged, indicating there was 
no reversible part during the magnetization switching. Results suggested that the hard phase and 
soft phase were strongly exchange coupled and reversed simultaneously.  Due to the strong 
coupling between the hard phase and the soft phase, the effective anisotropy constant can be 
approximately expressed as )/()( 212211 tttKtKK uueff  [138] since the magnetizations of the 
two layers were similar. Here Ku1 and Ku2, t1 and t2, are the anisotropy constant and thickness of 
the bottom hard layer and the top soft layer in the bilayer FePt-C sample, respectively. With the 
increase of the soft layer thickness, Keff reduced and resulted in the coercivity reduction. In the 
case of trilayer samples T646 and T648, the spring-back behavior was clearly indicated by the 
apparent increase of magnetization upon the removal of the applied field. This spring-back 
behavior was due to the presence of reversible magnetization switching and was clear proof of the 
incoherent rotation in the media. The small opening observed in the recoil loops of T648 implied 
that some small amount of soft phase was not strongly exchange-coupled to the hard phase. This 
openness could be caused by the unstable magnetization of soft phase under thermal fluctuation 
[139] as well. For incoherent magnetization reversal, a nucleation in the soft layer is formed and 





then propagates to the soft/hard interface where it becomes pinned. Therefore, the coercivity 
depends on the pining field of the domain wall at the soft/hard interface.  
 
 
Figure 4.11 (a) The out-of-plane hysteresis loops of Sample S6, B64, T642, T646 and T648. (b) 
The corresponding coercivity change with the FePt-C layer structure. 
 
Figure 4.12 The recoil loops of Sample (a) B64, (b) T642, (c) T646 and (d) T648. The inserted 
graph in T648 is the enlarged part of the recoil loop. 





Thermal stability and intrinsic switching field are two important characterization parameters in 
magnetic recording media. Since it is impossible to measure the change of remanent 
magnetization by leaving the sample for several years, Sharrock’s equation [140] which evaluates 
the time dependent remanent coercivity is commonly used to calculate the energy barrier (∆E0) 





































ln1  (4.2) 
 
Where H0 is the intrinsic remanent coercivity without thermal fluctuation, ΔE0 is the energy 
barrier at zero external field, kB is Boltzmann constant, f0 is the attempt frequency (~10
9 
Hz), and t 
is the duration of applied field. In current work, the exponent 5.1n  was used [105]. Although 
the exact value of the exponent for accurate evaluation of the thermal stability of perpendicular 
media and exchange spring media is debatable, for a fixed exponent the trend of the thermal 
stabilities of different media is similar. The intrinsic remanent coercivity (H0), energy barrier at 
zero applied field (∆E0) and fluctuation field ε (H0/∆E0) for single layer, bilayer and trilayer 
samples are summarized in Table 2. The thermal stability is proportional to the zero-field energy 
barrier. In the bilayer and trilayer samples, H0 decreased compared to the single layer sample. The 
results were consistent with the change of coercivity under different FePt-C layer structures. The 
thermal stability was improved in the bilayer and trilayer exchange spring media compared to the 
FePt-C single layer media. As discussed above, single layer FePt-C processed coherent rotation 
during magnetizations reversal, thus the energy barrier can be expressed as  StKu 11 , where S is 
the cross-section area of the magnetic grains along the film normal direction. The bilayer FePt-C 
had strong interlayer exchange coupling and the energy barrier could be estimated from
StKtKSttK uueff )()( 221121  . Here Ku1, Ku2 are the magnetic anisotropy constants, t1, t2 are the 
thicknesses for the FePt-C films deposited at 390°C and 340°C, respectively. It is apparent that 
the energy barrier of B64 is enhanced: one is because it includes the energy barrier of the softer 





magnetic layer as well due to the strong soft/hard interfacial coupling; the other reason is that the 
cross-section area of the grain in the hard layer increases slightly as discussed in the 
microstructure part. Energy barrier of the trilayer exchange spring samples which processed 
incoherent magnetization rotation had comparable thermal stability to the bilayer sample. It 
seemed that the energy barrier was mainly contributed by the bottom two layers deposited at 
390°C and 340°C, which was similar to the B64 bilayer sample. Because the top FePt-C layer 
deposited at 290°C showed rather soft magnetic properties, its anisotropy energy contribution to 
the energy barrier of the trilayer sample could be neglected. In summary, the bilayer and trilayer 
samples had larger thermal stability than the single 6 nm hard layer. The reason was mainly due 
to the strong coupling of the bottom hard layer and the followed 4 nm softer layer deposited at 
340°C. Table 4.3 showed that the fluctuation field ε reduced when the media structure changed 
from single layer to bilayer and trilayer exchange spring media, which meant that the exchange 
spring media was less thermally-fluctuated and more stable. 
Table 4.3 Intrinsic remanent coercivity (H0), energy barrier (∆E0) and fluctuation field (ε) for 
the single layer, bi-layer and tri-layer FePt-C films. 
 
4.3 Summary  
The effects of FePt-C film deposition temperature, film thickness and multilayer exchange spring 
media structure on the microstructure and magnetic properties have been investigated. The 
chemical ordering of L10 FePt improved with the increasing of deposition temperature from 
290°C to 390°C, and so did the magnetocrystalline anisotropy energy and coercivity. Within 6 to 
 H0 (kOe) ∆E0 (300kB) ε = H0/∆E0 (Oe/300kB) 
S6 14.9 123 121.1 
B64 13.6 18518 73.5 
T642 13.9 1702 81.7 
T646 13.0 212±18 61.3 
T648 6.9 17314 39.8 





10 nm, the film thickness of the FePt-C deposited at 390°C did not affect the film crystalline 
texture and magnetic properties significantly. The multilayer FePt-C exchange spring media 
formed a two-layer structure with a granular soft magnetic layer on top of a closely-packed hard 
magnetic layer. The coercivity was reduced to half of the coercivity of the hard layer, and also the 











5 Critical Fe Thickness for Effective Coercivity Reduction in FePt/Fe 
Exchange-coupled Bilayer 
In ECC media, the easy axis of the hard phase is in the film normal direction, while the easy axis 
of the soft phase can be either in the in-plane or the out-of-plane direction. In Chapter 4, the FePt-
C exchange spring multilayer has the easy axis of the soft layer aligning in the out-of-plane 
direction. However, the coercivity reduction factor is only 2 for the FePt-C exchange spring 
multilayer. What if the easy axis of the soft phase is in the in-plane direction? In this chapter, the 
magnetic properties of the FePt/Fe exchange-coupled bilayer with the easy axis of the soft phase 
in the in-plane direction will be investigated. 
 
L10-FePt/Fe hard/soft exchange-coupled bilayers have been reported by different groups. The 
effects of the L10-FePt/Fe graded interface [122] and the interface morphology [141] on the 
magnetic properties have been investigated. The thickness of the Fe soft layer plays an important 
role in the coercivity reduction and magnetization reversal. Theoretical simulations [87, 110] 
showed that the critical thickness of the soft layer for maximum coercivity reduction was the 
domain wall width of the hard layer. Experimentally, the critical thickness of Fe layer for 
effective coercivity reduction has not reached an agreement. Casoli et al. [113] studied the 
magnetization process of the FePt/Fe exchange-coupled bilayer with the Fe thickness between 0 
and 3.7 nm. The thickness range of Fe layer was too narrow to make any important conclusion. A 
large thickness range of Fe soft layer in FePt(20 nm)/Fe(0-20 nm) bilayers has been studied by 
Sun et al. [112]. It was found that the coercivity came to a saturated minimum when the Fe 
thickness was beyond 5 nm, which was smaller than the value calculated by the domain wall 
width theory. However, Tsai et al. [142] reported that the coercivity of the FePt(10 nm)/Fe(0-20 
nm) bilayer reduced gradually with the increase of the Fe thickness and the reduction rate was 
smaller than the theoretical results based on two-spin model.  





To further clarify the critical thickness of Fe layer for effective coercivity reduction, the Fe 
thickness effect on the magnetic properties of the FePt(10 nm)/Fe(0-8 nm) bilayer was 
investigated in this paper. Here pure FePt and Fe layers was deposited instead of oxide/C-doped 
FePt and Fe layers, because doped FePt and doped Fe cannot form same grain size due to the 
large difference in deposition temperature and stacking them into one single column is impossible. 
From microstructure view of point, the FePt/Fe bilayer simulated the ECC structure better.  
 
5.1 Experiential Details 
All the samples were prepared using a magnetron sputtering system. The base pressure of the 
sputtering chamber was below 5 × 10
-7
 Torr. The FePt/Fe bilayer films were deposited on the 
CrRu (30 nm)/MgO (2 nm) underlayers [46, 50] on corning glass and capped with a 5 nm Ta 
layer to prevent oxidation.  Before the deposition of each layer, the substrates were preheated 
under the targeted temperature for 15 min. The detailed sputtering conditions are shown in Table 
5.1. For all the samples, the FePt hard magnetic layer was fixed at 10 nm, while the thickness of 
Fe layers varied from 0, 2, 3, 4, 6, to 8 nm. The samples were labeled as follows: S10 (FePt single 
layer of 10 nm), B10/2 (exchange-coupled bilayer with 10 nm FePt hard layer and 2 nm Fe soft 
layer), B10/3, B10/4, etc. 
Table 5.1 The sputtering conditions, which includes deposition temperature, power, pressure, 
and rate, for each layer.  
 Temperature (°C) Power (W) Pressure (mTorr) Deposition rate (nm/min) 
Cr90Ru10 390 200 1 60.0 
MgO 80 100 10 1.3 
Fe55Pt45 475 100 10 12.2 
Fe Room temp. 100 10 6 
Ta Room temp. 50 10 5.5 
 





The crystalline structure was characterized by a Bruker D8 Advance XRD with a Cu K radiation. 
Hysteresis loops and recoil loops of the samples have been measured by an alternating gradient 
force magnetometer (AGFM) with a maximum applied field of 20 kOe. JOEL JEM-2010F 
Transmission electron microscopy (TEM) was used to observe the microstructure of the samples. 
The simulated hysteresis loops were performed by the commercial software - LLG 
micromagnetics simulator. 
 
5.2 Results and Discussion 
5.2.1 Structural Analysis 
The XRD diffraction patterns of the multilayer samples with Fe thickness 0, 2, 3, 4, 6, and 8 nm 
were shown in Figure 5.1(a). A desired CrRu (200) texture for inducing the FePt (001) texture 
was obtained with a full-width at half-maximum (FWHM) of 4.6°. The formation of L10 phase in 
FePt thin film was indicated by the (001) superlattice peak at 2°. The strong (001) peak 
implied that the FePt thin film was mainly L10 phase, and the magnetization direction was along 
the film normal direction. However, not all the magnetization was perfectly aligning in the out-of-
plane direction. This was revealed by the small in-plane coercivity in S10 and the presence of 
(200) peak. The asymmetric peak at 49° was due to the overlapping of the (200) peak and the 
(002) peak. The peak position of (200) and (002) are different because the (200) plane has 
slightly larger interplanar spacing (½ a) compared to the (002) plane (½ c), where a > c. The (200) 
texture of Fe layer cannot be distinguished from the CrRu (200) peak. To prove the epitaxial 
growth of the Fe layer on the FePt layer, another sample was prepared on MgO (100) single 
crystal substrate with the structure MgO substrate/FePt(50 nm)/Fe(20 nm). Reciprocal lattice 
mapping showed that the Fe layer grew epitaxially on the FePt with the relation FePt(001) 
[100]//Fe(200) [110]. The chemical ordering of L10 phase the FePt layer in each sample was 
compared by calculating the square root of the integrated peak intensity ratio of (001) superlattice 





peak to (002) fundamental peak - (I001/ I002)
1/2 
[143]. The value of (I001/ I002)
1/2
 of the FePt layer in 
each sample was plotted against the Fe thickness in Figure 5.1(b), where I002 was calculated by 
deconvoluting the overlapped (200) and (002) peak. The chemical ordering of the FePt film in 
each sample was comparable. The RT deposited Fe layer did not have significant modification on 
the texture of the FePt bottom layer.  
 
 
Figure 5.1 (a) XRD diffraction patterns of the FePt/Fe bilayer samples with the Fe thickness 
between 0 and 8 nm. (b) The square root of the peak intensity ratio - (I001/ I002)
1/2
 of 
the FePt hard layer in each bilayer sample as a function of the Fe thickness. 
 
The cross-sectional TEM images of the single layer FePt and bilayer B10/3 are shown in Figure 
5.2. The FePt consisted of interconnected grains (as also revealed by the AFM images) around 10 
nm high and few tens nanometers in the lateral direction. In the bilayer samples, the thickness of 
the FePt layer was maintained around 10 nm, and the thickness of the Fe layer was the same as 
the nominal thickness. The Fe top layer capped on the FePt layer followed the surface 
morphology of the FePt layer.   






Figure 5.2 Cross-sectional TEM images of the FePt single layer sample S10 and bilayer sample 
B10/3. The AFM image of S10 is 1×0.6 µm in size. 
 
5.2.2 Magnetic Analysis 
The out-of-plane hysteresis loops of the FePt/Fe exchange-coupled bilayers are shown in Figure 
5.3(a). For better comparison among the samples, the magnetization was normalized by the 
saturation magnetization Ms of each sample.  The saturation magnetization was calculated by 
dividing the total magnetic moment to the film nominal volume as observed in the TEM images. 
The Ms of FePt single layer was around 1050 emu/cc, which was smaller than the literature value 
(1140 emu/cc). The low Ms especially in the FePt thin film has been reported in other papers. The 
decreased Ms may be due to the magnetic dead layer [17] at the FePt/MgO interface, the partially 
ordered L10 phase, and the small amount of the in-plane magnetic moment. The magneto-
crystalline anisotropy of the FePt film is approximately 1.7×10
7
 erg/cc, which was calculated by 
the area method mentioned in Chapter 4.  
 
In the FePt hard single layer, the relatively small coercivity and the large magnetic squareness 
implied that there was large intergranular exchange coupling. With the deposition of Fe soft 





magnetic layer on top of the FePt hard magnetic layer, the coercivity of the bilayer reduced 
significantly as shown in Figure 5.3(b).  The coercivity reduction reached a saturation state when 
the thickness of Fe layer increased beyond 3 nm. A coercivity reduction factor of 2.5 was 
obtained and the critical Fe thickness for effective coercivity reduction was 3 nm. This critical 
value is much smaller than the theoretical critical thickness (domain wall width) and the 
experimental critical thickness (more than 8 nm) reported in [142] for 10 nm FePt hard layer. The 
exchange length of the hard layer was estimated to be 2.4 nm by using the equation
nmKAl uexch 4.2107.1101
76   , where the exchange stiffness A was taken to be 
1.0×10
-6
 erg/cm. The critical thickness of the Fe layer is closely linked to the exchange length. 
When the Fe thickness was within the exchange length, due to the strong coupling effect the 
magnetization of the Fe layer would rotate to the film normal direction. Therefore, the remanence 
was maintained around 1. As the Fe thickness increased beyond the exchange length, some Fe 
moments tilted away from the normal direction to the in-plane direction because the exchange 
coupling degraded with the increasing of Fe thickness. Hence, the total remanence of the bilayer 
reduced dramatically with the increasing of the Fe layer thickness. The slope at coercivity of the 
hysteresis loops also showed an apparent change when the Fe thickness was beyond 3 nm.  Up to 
3 nm, the slope was unchanged and large. Above 3 nm of Fe, the slope reduced gradually, which 
was caused by the increasing amount of weakly coupled Fe magnetic moments. 
 
To examine whether the critical Fe thickness in FePt/Fe exchange-coupled bilayers was the 
hard/soft exchange length, micromagnetic simulation was carried out using the commercial 
software - LLG Micromagnetics simulator, which applies LLG equation in calculating the 
equilibrium state of the magnetic moment. To mimic the bilayer film structure, the simulation 
volume of 400×400×t nm with periodic boundary condition was used, where t is the actual film 
thickness. The mesh size is 2×2×1 nm. The magnetic parameters of the hard layer and the soft 
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 erg/cm. Here the superscript h and s 
represents the hard layer and the soft layer, respectively. The hard layer had a uniaxial anisotropy 
with easy axis in the out-of-plane direction, and the soft layer had cubic anisotropy. The 
interlayer exchange coupling stiffness was set to 1×10
-6
 erg/cm. The external magnetic field was 
applied in the film normal direction. The simulated hysteresis loops are shown in Figure 5.3(c). 
 
Figure 5.3 Out-of-plane hysteresis loops for all the samples: (a) experimental data; (c) 
simulated results. The dependence of coercivity and remanence on the thickness of 
Fe layer: (b) experimental data; (d) simulated results. 
 
The simulated coercivity is larger than the experimental value. This is because defects such as 
grain boundaries and magnetic inhomogeneity that exist in the real film were not considered in 
the simulation, besides thermal effect was not taken into account. However, the simulated and 





experimental results followed similar trend. The coercivity reduced dramatically with the Fe film 
thickness increasing up to 3 nm. The change of remanence under different Fe thickness obtained 
from simulation followed the experimental results. With 1 and 2 nm Fe, the remanence was 
maintained to around 1 because the soft layer strongly coupled to the hard layer and the magnetic 
moment of the Fe layer also pointed to the normal direction. When the Fe thickness was beyond 3 
nm, the coercivity did not reduce significantly, but the remanence reduced linearly because of the 
uncoupled in-plane magnetization in the soft layer. The exchange length between the hard and 
soft layer is between 2 and 3 nm, very close to the value 2.4 nm calculated by uKA .  
 
The magnetization reversal mechanism was investigated by the recoil loops. The recoil loops 
were measured by saturating the sample in the positive field direction firstly, and then the 
magnetic moment was recorded by cycling the magnetic field between an increasing negative 
field and zero-field. The change of the magnetization under the applied field reveals the switching 
process of the magnetization at a particular negative field. Recoil loops combine the hysteresis 
loop and the DC-demagnetization (DCD) curve and clearly show the reversible and irreversible 
magnetization. Figure 5.4 shows the recoil loops of the FePt single layer and some of the FePt/Fe 
bilayers. In FePt hard magnetic layer, upon removal of the negative field, the magnetization 
remained almost unchanged. This meant that the reversible magnetization was negligible and the 
magnetization reversed simultaneously. In bilayer sample B10/2, the slope of each recoil loop 
was close to zero, indicating that the soft phase strongly coupled to the hard phase and the 
magnetization of the bilayer processed single switching. When the Fe thickness increased to 3 nm, 
a small amount of magnetization switched back to the positive direction after reducing the 
negative applied field. The increased slope of the recoil loop revealed the exchange-spring effect 
and implied that some soft phase was weakly coupled to the hard layer. As the Fe thickness 
further increased, the slope increased subsequently, indicting more reversible magnetization and 





more magnetic moment of the soft phase tilted away from the normal direction. In summary, 
when the Fe thickness was within the exchange length, the magnetization of the bilayer 
proceeded single switching; when the Fe thickness was more than the exchange length, exchange 
spring effect was shown and the magnetization of the bilayer proceeded incoherent magnetization 
switching. 
 
Figure 5.4 Recoil loops of the FePt single layer sample and FePt/Fe bilayer samples. 
 
5.2.3 Thermal Stability 
The energy barrier change after coupling a soft layer to the hard layer is a big concern for the 
ECC media. To calculate the energy barrier (∆E0), Sharrock’s equation [18] which evaluates the 





































ln1  (5.1) 
 





Where H0 is the intrinsic remanent coercivity without thermal fluctuation, ΔE0 is the energy 
barrier at zero external field, kB is Boltzmann constant, f0 is the attempt frequency (~10
9 
Hz), and t 
is the duration of applied field. The accuracy of energy barrier depends on the exponent n used. 
Here 2.0 was taken for calculating the energy barrier of FePt single hard layer because the easy 
axis of FePt film was well-aligned, the intergranular exchange coupling won’t affect the value of 
exponent too much according to Suess’s Monte Carlo simulation [19-20]. In the exchange-
coupled bilayers, the exponent 5.1n  was used. Although some error may exist if 1.5 is 
assumed, we cannot get the exact exponent by fitting the raw data because the Hcr taken from 
measurement itself had some error. The fitting result of using 1.5 for all the bilayer samples was 
quite good with R
2
 >0.995.   
 
Since Fe is a very soft magnetic material, the energy barrier is mainly contributed by FePt hard 
layer. Figure 5.5 shows the calculated energy barrier as a function of soft layer thickness and a 5% 
error was taken into account. The energy barrier reduced slightly with the increasing of Fe 
thickness. This was due to the exchange coupling effect from the soft layer, which reduced the 
effective anisotropy of the sample. The exceptional large energy barrier of B10/6 was caused by 
the slightly higher chemical ordering in FePt layer which had a corresponding larger coercivity.  
 
The thermal stability gain factor  swsVHME  illustrates the advantages of ECC media better, 
where ∆E is energy barrier, MsV is total moment, Hsw is switching field. For FePt single layer, the 
gain factor was taken to be 1, and the gain factor of the bilayer was normalized to the FePt single 
layer. A largest gain factor of 2.2 was found for B10/3 in Figure 5.5. The gain factor increased 
firstly when the Fe thickness increased to 3 nm then reduced to 1.7 after further increasing of Fe 
thickness. Hence, thick Fe film did not enhance the thermal stability gain.   
 






Figure 5.5 The energy barrier and the thermal stability gain factor of FePt hard single layer and 
exchange-coupled bilayer were plotted against the thickness of Fe soft layer. 
 
5.3 Summary 
The coercivity of FePt perpendicular hard layer can be reduced effectively by depositing a soft 
layer on top of it. In the FePt/Fe bilayer, a coercivity reduction factor around 2.5 and a thermal 
stability gain of 2.2 was obtained with a 3 nm Fe top layer. The critical thickness of the soft layer 
for dramatic reduction of the hard layer switching field was found to be the exchange length in 
present work. When the soft layer thickness was within the exchange length , the hard and the 
soft phases processed single switching; while beyond it, exchange spring effect appeared with a 









6 Coercivity Reduction in the FePt/Fe Granular Exchange-coupled 
Bilayer after Annealing 
ECC media has a sharp change of magnetic properties from the soft layer to the hard layer. 
Graded media with the magnetic anisotropy changing gradually in a quadratic profile 
hardgradedu KtxxK
2)()(  can reduce the pinning field further but the grain height is more than 20 nm 
[81]. To compromise the coercivity reduction and film thickness, ECC media with magnetic 
properties changing gradually at the hard/soft interface was believed to enhance the exchange 
coupling. In exchange spring bilayer system, interdiffusion in bilayer SmCo/Fe [144] and 
CoPt/Co [97] have been introduced by depositing the soft layer at elevated temperature or by 
annealing the hard/soft bilayer. By depositing a thin Fe layer at elevated temperature, Goll. et al. 
[122] reported that a magnetically graded interface helped in reducing the coercivity in FePt-
based ECC media. Tsai et al. [124] used rapid thermal annealing to create the graded interface in 
FePt/Fe exchanged bilayer. Although the coercivity reduction was observed after the treatment, 
the magnetic origin of coercivity reduction after elevated-temperature deposition or annealing 
treatment has not been well studied yet.  
 
It is well known that high temperature annealing not only leads to interlayer diffusion but also 
surface diffusion. Hence it’s difficult to confirm that it’s the formation of magnetic graded 
interface which resulted from interlayer diffusion that results in coercivity reduction. The surface 
diffusion of the soft phase may form the ledge-type ECC structure, which can further reduce the 
switching field as well. Simulation showed that in the ledge-type ECC media the nanostructure 
with the soft phase capped [115] or enclosed [145] the hard phase led to the largest reduction of 
switching field while the long-term thermal stability was still guaranteed.  Experimentally, ledge-
type FePt-based ECC bilayer have been fabricated by depositing the Fe soft layer on the island-
like L10-FePt grains on the MgO single crystal substrate [118, 119, 141].  





In the current work, experiments were designed to separate the effect of grain microstructure 
change from the effect of Fe soft phase capping configuration change on the coercivity of the 
FePt/Fe exchange-coupled bilayer. Two sets of samples with granular structure were fabricated: 
MgO substrate/FePt(8 nm)/Fe(3 nm)/C, and MgO substrate/FePt(8 nm)/Pt(3 nm)/C. In-situ 
annealing was applied to promote the atomic diffusion in the samples. The annealing of Pt non-
magnetic capped composites was to study the effect of microstructure change on the magnetic 
property of the FePt hard phase due to annealing. Simulations were done to study the effects of Fe 
capping configuration change on the magnetic properties of the FePt/Fe granular bilayer. 
 
6.1 Experimental Details 
The L10-FePt/X (X: Fe or Pt) granular bilayer was prepared by the AJA magnetron sputtering 
with the base pressure less than 5×10
-7
 Torr. The targets used were Fe55Pt45, 99.99% Fe, 99.99% 
Pt, 99.99% Cu, and 99.99% C. Firstly single crystal MgO (001) substrate was annealed at 550°C 
for 30 min to decompose the contaminants on the surface. Then a FePt layer with nominal 
thickness of 8 nm was deposited. After the sample was cooled down to room temperature, 3 nm 
thin film of Fe or Pt was deposited on top of the FePt. The detailed sputtering conditions are 
shown in Table 6.1. To induce the interface diffusion, some FePt/X (X: Fe or Pt) samples were 
in-situ annealed at elevated temperature for 10 min. The annealing temperatures were 200, 250, 
350, 450°C for FePt/Fe samples, 350, 450°C for FePt/Pt samples, respectively. A 5 nm C 
protection layer was deposited on the top at room temperature.  
Table 6.1 The sputtering conditions, which includes deposition temperature, power, pressure, 
and rate, for each layer. 
 Temperature (°C) Power (W) Pressure (mTorr) Deposition rate (nm/min) 
Fe55Pt45 550°C 50 10 5.4 
Fe Room temp. 50 10 1.4 
Pt Room temp. 25 10 4.0 
C Room temp. 200 3 2.0 





A Bruker D8 Advance XRD with Cu Kα radiation was used to characterize the crystalline texture 
of the samples. The surface morphology and microstructure were investigated by Veeco 
Dimension 3000 AFM, Zeiss SEM and JOEL JEM-2010F TEM. The magnetic properties were 
measured with an MPMS SQUID. Simulations were done using the commercial software LLG 
Micromagnetic Simulator. 
 
6.2 Results and Discussion 
Firstly, the effect of film thickness on the crystalline texture, microstructure and magnetic 
properties of FePt single layer will be investigated. Based on the results, a proper FePt thickness 
will be chosen for the FePt/X (X: Fe or Pt) bilayer to form the granular structure. Secondly, the 
reasons for causing coercivity reduction in the FePt/Fe granular bilayer after annealing will be 
investigated.  
 
6.2.1 Influence of Film Thickness on the Crystalline Texture, Surface Morphology and 
Magnetic Properties of FePt Single Layer 
The crystalline texture, surface morphology and magnetic properties of FePt thin film depend on 
the film thickness. To investigate the influence of film thickness on those properties, FePt films 
with various nominal thicknesses (6, 8, 10, 20, 20, 50 nm) were deposited on the (001) textured 
MgO single crystal substrate which had been heated to 550°C. The FePt layer grew epitaxially on 
the MgO substrate which has been proven in the cross-sectional HRTEM images. The crystalline 
structure of the FePt thin films were investigated by the XRD diffraction patterns in Figure 6.1(a). 
The 2 peaks at 24.04°, 48.96° and 76.98° correspond to the (001), (002) and (003) peaks of  L10-
phase FePt. This implies the formation of perpendicular magnetization in the L10-FePt thin film. 
  
To study the orientation of the (001) texture, rocking curve of the (001) peak were measured with 
the results shown in Figure 6.1 (b). The full-width at half-maximum (FWHM) of the (001) 





diffraction peak represents the distribution of the crystalline orientation of the texture around the 
film normal direction. With the increase of FePt film thickness from 6 to 50 nm, the FWHM of 
FePt (001) peak reduced from 2.360° to 0.912°, implying the orientation distribution of the (001) 
texture and the easy axis distribution became smaller.  
 
 
Figure 6.1 (a) XRD diffraction patterns of the FePt film with 6, 8, 10 and 20 nm; (b) rocking 
curve of the FePt (001) peak for FePt films with various thicknesses. The insert table 
lists the full-width at half-maximum (FWHM) of the rocking curve.  
 
The dependence of surface morphology of FePt film on layer thickness was investigated using 
AFM as one can see in Figure 6.2. Island-like grains were formed in thin FePt films (6-10 nm). 
The grains were isolated from each other with a large space (~ 5-10 nm) in between. The isolation 
was further proved by the larger maximum z-height compared to the film thickness. The grains 
grew with the increase of film thickness from 6 to 10 nm. With further increasing in film 
thickness, the grains became interconnected and showed the maze-like structure as shown in the 
AFM image of 20 nm FePt film. At 50 nm, the film became continuous with smaller roughness.  






Figure 6.2 AFM images of the FePt films with various thicknesses. The image sizes are 1×1 
µm for the film within 20 nm, and 3×3 µm for the 50 nm film. The surface 
roughness and maximum z-height for each film thickness are summarized in the 
table at the right bottom.  
 
The changes in surface morphology will affect the magnetic properties of the FePt thin film 
significantly. Figure 6.3 shows the out-of-plane hysteresis loops of the FePt films with various 
thicknesses. Large out-of-plane coercivity was found in the films with the thickness of 6 nm, 8 
nm and 10 nm. With the film thickness increased further to 20 nm and 50 nm, the coercivity 
reduced dramatically with the increase of film thickness. The coercivity is an external magnetic 
property, which depends on the microstructure of the film. Large coercivity presents in the 
isolated granular structure when the grain size is within the single domain size (usually a few 
hundred nm for L10-FePt). As the grains became interconnected, large intergranular/lateral 
exchange coupling made the magnetization switched in the domain wall nucleation and 
propagation manner, which led to the smaller coercivity and the fast drop in the magnetization as 





shown in the film of 20 nm and 50 nm. There are magnetization drops near 0 Oe for the FePt film 
with 6 nm, 8 nm and 10 nm. The magnetization change of the kink is similar to the 
superparamagnetic magnetism, and is attributed to the tiny disordered FePt gains in the thin film 
as one can see the large size distribution and existence of lots of tiny grains especially in the 6 nm 
and 8 nm film from the AFM images in Figure 6.2. It has been reported that L10 ordering cannot 
be realized in the grains within few nm [146, 147]. The disordered grains showed the 
superparamagnetic effect due to thermal fluctuation.  
 
 
Figure 6.3 Out-of-plane hysteresis loops of the FePt single layer under different thicknesses 
which were measured by SQUID. The inserted loop of the 50 nm film was measured 
by AGFM. 
 
6.2.2 Annealing Effect on the L10-FePt/Fe Exchange-coupled Granular Bilayer 
Section 6.2.1 showed that isolated granular structure was formed in the FePt film within 10 nm 
when FePt layer was deposited at 550°C on the MgO single crystal substrate.  Figure 6.4 shows 
the surface morphology and cross-sectional TEM image of the 8 nm FePt film. It was found that 
the height of the grain is 10 nm which is similar to that of the FePt magnetically hard layer in the 





FePt/Fe bilayer studied in Chapter 5. To form the L10-FePt/Fe exchange-coupled granular bilayer 
which resembles the layer thickness of the FePt/Fe bilayer, a nominal thickness of 8 nm FePt was 
deposited at 550°C and 3 nm of Fe was deposited on top of that at room temperature. To induce 
the FePt/Fe interface diffusion, the FePt/Fe granular bilayer was in-situ annealed at various 
temperatures (200, 250, 350, 450°C) for 10 min and cooled down naturally in vacuum. At the end 
5 nm C was capped to protect the Fe layer from oxidation. The magnetic anisotropy of the FePt 
film was calculated by integrating the area between the out-of-plane down loop and the in-plane 
down loop (the curve where the magnetic field changed from +max to –max) in the first quadrant, 
which is 3.66×10
7
 erg/cc.  
 
 
Figure 6.4 AFM image (left top), TEM cross-sectional image (left bottom), and both out-of-
plane and in-plane hysteresis loops (right) of the 8 nm FePt single layer grown on 
MgO substrate. 
 
It was found that the crystalline texture of FePt was not affected by the deposition of the 3 nm Fe 
layer at room temperature. Annealing improved the chemical ordering of L10 phase slightly. 
Figure 6.5 (a) shows the diffraction patterns of the nanostructured FePt/Fe before annealing and 
after annealing. The position and intensity of the L10-FePt peaks did not show obvious change 





after annealed at different temperatures, which implied that the texture of FePt was maintained 
after the capping of the Fe layer and annealing. The chemical ordering of the L10-FePt film is 
proportional to the integrated peak intensity ratio of the (001) superlattice peak to the (002) 
fundamental peak – (I001/I002)
1/2
. The change of (I001/I002)
1/2
 regarding to the annealing temperature 
was plotted in Figure 6.5(b). The linear fitting showed that (I001/I002)
1/2
 increased slightly with the 
increase of annealing temperature, which meant that the chemical ordering improved slightly 
after annealing.  
 
 
Figure 6.5 (a) XRD diffraction patterns of the FePt single layer, FePt/Fe granular bilayer 
without annealing and annealed at 250°C and 350°C. (b) The plot of (I001/I002)
1/2
 
versus the annealing temperature for the FePt/Fe granular bilayer. 
 
Epitaxial growth of Fe thin film on the L10-ordered FePt bottom layer was revealed by the 
HRTEM image shown in Figure 6.6. The inversed FFT image showed that the atomic 
arrangement of the Fe layer exactly followed that of the FePt layer. The epitaxial growth was 





further proved by the presence of the Fe bcc (200) texture in the XRD diffraction pattern shown 
in Figure 6.7 for the sample - MgO substrate/FePt(50 nm)/Fe(20 nm). Without epitaxial growth, 
the Fe film deposited at room temperature had fcc (111) texture. The thicker FePt layer was used 
to provide a continuous surface for better signal collection, and the thicker Fe layer was used to 
provide sufficient signal for observing Fe texture.  The epitaxial growth follows the relation: 
MgO (100) <001> || FePt (001) <100> || Fe (200) <110>.  The lattice mismatch between Fe layer 
and the bottom FePt layer is 4.5%.  
 
 
Figure 6.6 Cross-sectional HRTEM image of the FePt/Fe granular bilayer with Fe deposited at 
room temperature. The area in the red rectangle was inversed by fast Fourier 
transform (FFT) to get the image in the right.  
 
Ledge-type L10-FePt/Fe granular exchange-coupled bilayer were formed as revealed in the TEM 
cross-sectional image in Figure 6.6. The isolated grains in the FePt magnetically hard layer show 
trapezoid-shape in the cross-sectional plane. The Fe deposited on the slant edges of the grains 





would follow the shape of the FePt grains, and cap the grains. Therefore, the FePt/Fe granular 
bilayer resembled the ledge-typed structure proposed by Lomakin [116].  
 
Figure 6.7 XRD diffraction pattern of the sample - MgO substrate/FePt(50 nm)/Fe(20 nm). 
 
The out-of-plane and in-plane hysteresis loops of the FePt magnetically hard layer and the 
FePt/Fe exchange-coupled granular bilayer before annealing and annealed at various temperatures 
are shown in Figure 6.8. The FePt single layer has a large out-of-plane coercivity of 31.8 kOe, 
which corresponds to the large perpendicular magnetic anisotropy constant. The coercivity was 
reduced to 14.3 kOe when a 3 nm Fe magnetically soft layer was deposited at room temperature 
on top of the FePt hard layer. The reduction factor is 2.2. Annealing further reduced the 
coercivity of the granular FePt/Fe. Up to 200°C, the coercivity and anisotropy constant did not 
show much change. Above 250°C, the coercivity reduced with the increasing of annealing 
temperature. Meanwhile, the in-plane magnetization became more significant. Hence, the 
effective anisotropy constant Kueff, which was calculated from the integrated area between the out-
of-plane hysteresis loop and the in-plane hysteresis loop, reduced with the annealing temperature. 
However, when annealed at 450°C, the magnetization reversed in two steps, and the coercivity 
increased compared to that of the one annealed at 350°C, indicating the deterioration of the 
hard/soft exchange coupling in the nanostructure. The change of out-of-plane coercivity and 





anisotropy constant with respect to the annealing temperature was plotted in Figure 6.9. The 
coercivity reduces at a similar trend as the anisotropy does except the one annealed at 450°C. A 
largest coercivity reduction factor of 4.7 is found for the FePt/Fe annealed at 350°C. 
 
 
Figure 6.8 The out-of-plane and in-plane hysteresis loops of the FePt single layer (top left) and 
FePt/Fe granular bilayer (before annealing and annealed at 200, 250, 350, 450°C).  
 
Figure 6.9 Normalized anisotropy constant and out-of-plane coercivity of FePt/Fe granular 
bilayer with respect to the annealing temperature. The actual values were normalized 
to that of the FePt magnetically hard layer.  





There are several factors that may lead to the coercivity reduction in the granular FePt/Fe after 
annealing.  
 
a) Microstructure change after annealing:  
Figure 6.10 shows the top-view images of the granular FePt/Fe before and after annealing. 
Isolated grains with irregular shapes and large size distribution were formed in the FePt/Fe 
when Fe was deposited at room temperature. Both grain isolation and grain size did not vary 
significantly when the annealing temperature was below 200°C. A slight increase in grain 
size was observed after annealing the FePt/Fe at 250°C for 10 min. As the annealing 
temperature further increased to 350°C and 450°C, the size of the grains increased, and most 
of the grains became interconnected with one or more grains surrounding it.  
 
 
Figure 6.10 SEM images of the granular FePt/Fe before annealing and annealed at 250°C, 350°C 
and 450°C, respectively. 





b) Formation of magnetically graded interface: 
Interface diffusion between the Fe and FePt layer will cause the gradual change of FexPt1-x 
composition from the FePt to Fe and form the magnetically graded interface. Experimentally, 
it has been reported that magnetically graded interface helped in reducing the coercivity of 
the FePt/Fe granular bilayer. However, the claim has to be further investigated.  
 
c) Deformation of hard/soft exchange-coupled configuration: 
During annealing, surface and grain boundary (GB) diffusions are much easier compared to 
bulk diffusion. Figure 6.10 shows that the FePt/Fe grains become interconnected after 
annealed at 350°C and 450°C. The interconnected region between the grains has darker 
contrast compared to the grains themselves. It’s possible that the interconnected region is the 
Fe soft phase caused by surface/GB diffusion. The soft phase which fills up the space among 
the hard phase would increase the lateral exchange coupling among the grains, hence the 
coercivity of FePt/Fe was further reduced. D. Goll’s simulation [115] showed that the hall-
filled/filled ledge-type structure has smaller coercivity than that of the capped structure.   
 
In the following subsections, simulations will be applied to investigate the effect of each factor on 
the coercivity reduction of FePt/Fe granular bilayer.  
 
6.2.2.1 Simulation: Influence of Grain Growth on the Coercivity 
SEM images have shown grain growth after annealing at temperature above 200°C. Before 
annealing, the FePt/Fe has the isolated island-like structure with large grain size distribution. 
After annealing, the grain size increased and the number of tiny grains reduced especially at 
350°C and 450°C. Meanwhile, the space among the gains increased slightly. The average gain 
size increased with the increasing of annealing temperature as shown in Figure 6.11(a). Because 





each grain composed of FePt and Fe sections, it was difficult to say after coarsening the grains 
still comprised the same FePt/Fe nanostructure.   
 
For simulation, it was assumed that the ECC nanostructure was unchanged but only the size 
increased after annealing. The out-of-plane hysteresis loop of a single dot consisting of a 10 nm 
magnetically hard phase and a 3 nm magnetically soft phase was simulated. The size of the dot 
was adjusted according to the empirical results shown in Figure 6.11(a). The elongated tetragonal 
shape was used to simulate the interconnected grains when the sample was annealed at 
temperature above 350°C. The material parameters for the hard phase are: Ms
h









 erg/cm; for the soft phase are: Ms
s









 erg/cm. The exchange stiffness constant at hard/soft interface is 
1.0×10
-6
 erg/cm. The mesh size used for simulation is 1×1×1 nm.  
 
 
Figure 6.11 (a) Average grain size of FePt granular bilayer at different annealing temperatures. 
(b) Simulated out-of-plane coercivity (Hc) versus the grain size. Below 50 nm, the 
simulated volume is columnar structure; above 50 nm, the shape was change to 
tetragonal with various lengths.   
 
The out-of-plane coercivity of the FePt/Fe single dot at various sizes calculated by simulation is 
shown in Figure 6.11(b). With the increase of dot diameter, the coercivity reduces slowly. The 





reduction is only around 5% when the size increases 3.5 times. It seems the grain growth does not 
contribute much to the coercivity reduction caused by annealing.  
 
6.2.2.2 Simulation: Influence of Magnetically Graded Interface on the Coercivity 
Annealing can facilitate the atomic diffusion in the FePt/Fe nanocomposites, which would lead to 
the formation of different FexPt1-x compositions at the interface. Because the magnetic hardness 
varies with the FexPt1-x film composition, magnetically graded interface with Ku changes 
gradually from the FePt hard layer to the Fe soft layer will form at the FePt/Fe interface.   
 
To study the effect of magnetically graded interface on the coercivity, simulations were done on a 
30 nm ECC dot with the same material parameters used in section 6.2.2.1. The mesh size in the z-
direction was reduced from 1 nm to 0.25 nm to create the thin magnetic layers at the graded 
interface. Out-of-plane hysteresis loops were simulated for the ECC dot with sharp interface 
(where the magnetic properties at the hard/soft interface change abruptly) and graded interface 
(where the magnetic properties change gradually at the interface). Figure 6.12 shows the 
schematic layer structure.  
 
 
Figure 6.12 Schematic layer structure of the dot for simulation with magnetically sharp and 
graded interface.   
 
Before simulation, the FexPt1-x compositions at the interface and the corresponding magnetic 
properties have to be determined. Due to the lack of high resolution equipment in determining the 





atomic composition at each atomic layer, the concentration profile of the interface was 
















where C is the concentration, D is the diffusion coefficient, t is duration of diffusion, and x is the 
position inside the film. 
 
The concentration profile can be calculated if the diffusion coefficient D and diffusion time t are 













bexp0  (6.2) 
 
where D0 is the maximum diffusion coefficient at infinite temperature, Eb is the activation energy 
for diffusion to occur, kB is Boltzmann’s constant, T is absolute temperature. D depends on the 
temperature at which the diffusion occurs and the activation energy of a specific element 
diffusing in a specific material. Hence, the diffusion rate depends on the temperature and time 
when diffusion takes place. In the experiments, the annealing time is 10 min. Taking into account 
the slow cooling rate in the vacuum condition, the total diffusion time is assumed to be 15 min at 
the same annealing temperature to simplify the calculation.  The D0 and Eb of Fe self-diffusion in 





/s, Eb = (1.65±0.29) eV. At the annealing temperature of 450°C, the 
concentration profile was calculated by MATLAB with the results shown in Figure 6.13. After 
annealing, the Fe concentration at the FePt/Fe interface changes gradually from 550 at.% to 100 
at.%, which leads to the gradation of magnetic properties from magnetically hard phase to 
magnetically soft phase. Hence, the magnetic graded interface is formed.  






Figure 6.13 Fe concentration along the z-direction in the FePt/Fe bilayer system. 
 
The magnetic properties of FexPt1-x thin films were studied experimentally. 20 nm FexPt1-x thin 
films with various compositions were deposited on MgO single crystal substrate at 550°C. The 
composition was adjusted by cosputtering the Fe target and the Fe55Pt45 target through the control 
of sputtering power. The composition of FexPt1-x thin film was confirmed by x-ray photoelectron 
spectroscopy (XPS). The saturation magnetization Ms and magnetoanisotropy constant Ku as a 
function of the Fe concentration in the FexPt1-x thin films are plotted in Figure 6.14.  
 
 
Figure 6.14 Ms and Ku as a function of Fe concentration in the FexPt1-x thin film. Linear fit (red 
line) was applied to the Ms - Fe concentration plot. 





It was assumed that the atomic interdiffusion only happened in the z-direction and followed 
Fick’s second law. The magnetic parameters of FexPt1-x film at different compositions were taken 
directly from the empirical results. The Ms of each FexPt1-x composition was calculated from the 
linear fit in Figure 6.14. The exchange stiffness A at each FexPt1-x composition was taken from the 
linear fit between 1.05×10
-6
 erg/cm for Fe55Pt45 and 2.10×10
-6
 erg/cm for pure Fe. The interlayer 
exchange stiffness used is 1.00×10
-6
 erg/cm. The magnetic graded interface was divided into 7 
layers with an interval of 0.25 nm for each layer. The magnetic parameters of each layer used in 
the simulation are listed in Table 6.2. 
Table 6.2 The Fe concentration, saturation magnetization Ms, magnetic anisotropy Ku, 
exchange stiffness A of each FexPt1-x layer from bottom to top along the z-direction. 
z-direction from  
bottom to top (nm) 
Fe concentration Ms (emu/cc) Ku (emu/cc) A (µerg/cm) 
9.00 0.55 915 3.66×10⁷ 1.05 
0.25 0.57 965 1.60×10⁷ 1.10 
0.25 0.60 1010 0.80×10⁷ 1.20 
0.25 0.67 1017 0.10×10
7
 1.30 
0.25 0.77 1170 5.00×10⁵ 1.50 
0.25 0.87 1322 5.00×10⁵ 1.80 
0.25 0.94 1428 5.00×10⁵ 1.96 
0.25 0.98 1489 5.00×10⁵ 2.05 
2.25 1.00 1520 4.70×10⁵ 2.10 
 
The simulation of magnetically graded interface was carried out in one single dot with total 
thickness of 13 nm and consisting of 9 layers. The simulation results of the FePt/Fe composite 
with sharp interface and graded interface are shown in Figure 6.15. The switching fields for the 
magnetic sharp interface and graded interface did not vary significantly. With graded interface, 
the nucleation field reduced, which was due to the more amount of soft layer after interdiffusion. 
Although the magnetic parameters applied in the simulation may have some error, the simulated 





results would not differ much. This indicates that the formation of magnetic graded interface does 
not help in reducing the switching field. 
 
 
Figure 6.15 Simulated out-of-plane hysteresis loops of the FePt/Fe nanodots with magnetically 
sharp and graded interface. 
 
Theoretically, the coercivity reduction is limited by the thickness of the magnetic graded layer tG. 
The coercivity of a nanodot with a hard magnetic layer exchange coupled to a magnetic graded 
layer is determined by the pining field Hp. When the magnetic anisotropy of the magnetic graded 
layer reduced in a parabolic profile, a minimum value of Hp is achieved. The coercivity reduction 













  (6.3) 
 
When the graded layer thickness is less than the exchange length lex of the magnetically hard 
layer, the pinning field is not smaller than the coercivity Hc
h
 of the magnetically hard layer itself. 
For the FePt/Fe bilayer annealed at 450°C, the thickness of the magnetic graded interface was 





calculated to be around 1.75 nm, which is close to lex, hence the coercivity did not reduce 
significantly compared to the one with magnetically sharp interface.  
 
6.2.2.3 Simulation: Influence of Hard/soft Configuration on the Coercivity 
During annealing, the atoms at the surface and grain boundary (GB) are more mobile than the 
lattice atoms. When the annealing temperature is less than half of the melting point, surface 
diffusion and GB diffusion dominate. The SEM images of the FePt/Fe annealed at 350°C and 





). The Fe soft phase becomes more extended in the lateral direction, 
which resembles the ledge-type ECC media. It has been reported that the change of soft phase 
configuration in the ledge-type ECC media has a large influence in the coercivity [115].  
 
Surface/GB diffusion can lead to the modification of the soft phase configuration in the FePt/Fe 
and form different configurations of ledge-type ECC nanostructure. Simulations are done to study 
the effect of soft phase configuration on the coercivity of FePt/Fe ledge-type ECC bilayer. The 
nanopattern used for simulation consists of four grains with tetragonal shape in a simplified case. 
Each ECC grain consists of a hard magnetic L10-FePt (Ms
h









 erg/cm, size: 30×30×10 nm) with uniaxial magnetic anisotropy perpendicular to 
the film surface and a soft magnetic Fe (Ms
s









erg/cm, size: 30×30×3 nm) with a cubical magnetic anisotropy. The space among the grains is 
fixed at 4 nm. The mesh size is 0.5×0.5×0.5 nm. Three types of soft phase configurations are 
considered as shown in Figure 6.16(c-d): capped ECC structure which simulated the as-deposited 
FePt/Fe granular nanostructure; ledge-type structure with Fe soft phase diffused into the space 
among the grains simulated the case after elevated temperature annealing; lateral ECC structure 





with Fe soft phase filled up the space at higher annealing temperature.  In these three structure 
configurations, the volume of Fe soft phase was kept at constant.  
 
 
Figure 6.16 (a) Simulated nanopattern: 4 grains; (b) capped ECC structure; (c) ledge-type 
structure; (d) lateral ECC structure; (e) simulated out-of-plane hysteresis loops of (b), 
(c) and (d) structure configurations. 
 
The simulated hysteresis loops in Figure 6.16(d) show that the coercivity of the ledge-type 
structure (c) is smaller than that of the capped ECC structure (b). The reduction is the largest in 
the case of lateral exchange-coupled structure (d), where a 7.0 kOe of coercivity reduction is 
found. With more Fe soft phase extended into the lateral direction, the coercivity reduced further, 
and the nucleation field of the soft phase increased because the demagnetization field is weaker 
when the Fe soft phase is less continuous in the in-plane direction. 
 






Annealing the FePt/Fe exchange-coupled granular bilayer results in coercivity reduction 
especially at temperature above 200°C. A maximum coercivity reduction factor of 2.1 was found 
in the sample annealed at 350°C. Three main factors (grain growth, formation of magnetically 
graded interface, and extension of Fe soft phase to the lateral direction) that might lead to the 
coercivity reduction were investigated separately with the assist of micromagnetic simulations.  It 
was found that the first two reasons did not affect the coercivity dramatically, while the extension 
of Fe soft phase in the lateral direction and forming the lateral exchange-coupled structure gave 
distinct coercivity reduction. 
 
To further prove that the grain growth and formation of magnetically graded interface did not 
contribute much in the coercivity reduction of the FePt/Fe granular bilayer, the Fe magnetically 
soft layer was replaced with Pt non-magnetic layer of the same thickness. The FePt/Pt granular 
bilayer was annealed at 350°C and 450°C for 10 min, respectively. The annealing effects on the 
grain growth and formation of magnetically graded interface of the FePt/Pt should be quite close 
to those of the FePt/Fe. The only difference is the annealing effects on the hard/soft phase 
configuration because the extension of Pt non-magnetic phase in the lateral direction would not 
affect the coercivity.  Therefore, the change in magnetic properties of FePt/Pt after annealing was 
due to the grain growth and formation of magnetically graded interface. It is possible to 
qualitatively conclude the dominant factor that leads to the dramatic coercivity reduction of 
FePt/Fe after annealing.    
 
The (001) texture of L10-FePt bottom layer was maintained after the deposition of Pt thin layer 
and annealing. Similar to that of the FePt/Fe, the elevated temperature annealing enhanced the 
chemical ordering of the L10-FePt bottom layer as the integrated peak intensity ratio (I001/I002)
1/2
 
increases slightly after annealing as shown in Figure 6.17.  






Figure 6.17 The peak intensity ratio (I001/I002)
1/2
 of the FePt/Pt was plotted against the annealing 
temperature. 
 
The annealing caused grain growth in the FePt/Pt granular bilayer. Figure 6.18 shows the 
microstructure of the FePt/Pt before and after annealing at 350°C and 450°C for 10 min, 
respectively. More large-grains were formed after annealing. Some grains became elongated after 
annealed at 450°C, while the grain isolation was maintained.  
 
The annealing could lead to the interface diffusion of Pt atoms from the Pt top layer to the FePt 
magnetically hard layer and Fe atom from the FePt layer to the Pt layer. With the gradual increase 
of Pt concentration in the FexPt1-x film from 45 % to 100%, the magnetic anisotropy of the film 
decreased rapidly. Hence, the magnetic graded interface was formed at the FePt/Pt interface 
similar to the magnetically graded interface in the FePt/Fe granular bilayer.  
 






Figure 6.18 SEM images of the FePt/Pt before annealing, and annealed at 350°C and 450°C. 
 
The in-plane and out-of-plane hysteresis loops of the FePt/Pt granular bilayer are shown in Figure 
6.19. With the capping of 3 nm Pt, the magnetic properties of the L10-FePt magnetically hard 
layer did not change. When the sample was annealed at 350°C for 10 min, the anisotropy was 
only reduced by 5% and coercivity was reduced by 11%.  Further increasing the annealing 
temperature to 450°C, the anisotropy was 13% less and the coercivity had a 20% reduction. The 
reduction of anisotropy and coercivity in FePt/Pt is much less compared to that of the FePt/Fe 
under the same annealing temperature. The difference is attributed to the effect of deformation of 
Fe soft phase configuration on top of the FePt hard phase after annealing on the magnetic 
properties.  Meanwhile, the in-plane hysteresis loop was kept almost linear before and after 
annealing, which meant the easy axis of the FePt/Pt was confined in the out-of-plane direction. 
Different from the FePt/Fe in which the amount of in-plane magnetization increased after 









Figure 6.19 The out-of-plane and in-plane hysteresis loops of the FePt single layer and FePt/Pt 
granular bilayer at various annealing temperatures. 
 
For easy comparison, all the out-of-plane hysteresis loops were plotted in Figure 6.20(a). The 
slopes of the hysteresis loops did not change much, indicating the intergranular exchange 
coupling was not modified by annealing, which is revealed in the microstructure in Figure 6.18. 
The normalized anisotropy and coercivity as a function of annealing temperature for FePt/Pt 
granular bilayer are summarized in Figure 6.20(b). It shows that the reduction of coercivity 
follows the trend of anisotropy reduction. Therefore, there is no/little thermal stability gain by 
forming the magnetically graded interface by interface diffusion in the FePt/Pt granular bilayer.   






Figure 6.20 (a) Out-of-plane hysteresis loops of the FePt single layer, FePt/Pt granular bilayer 
before annealing and annealed at 350°C and 450°C. (b) Normalized Ku and Hc 
under various annealing temperatures. The actual values were normalized to those of 
the FePt magnetically hard layer. 
 
The grain growth and formation of magnetic graded interface in the FePt/Pt granular bilayer 
caused by annealing resulted in a coercivity reduction factor of 1.25. This value is much smaller 
than the annealing effect on the coercivity reduction of FePt/Fe granular bilayer. The large 
coercivity reduction in the FePt/Fe granular bilayer is mainly attributed to the formation of lateral 
exchange-coupled structure with the Fe soft phase extended more in the lateral direction via 
surface/GB diffusion caused by annealing. 
 
6.3 Summary 
With the increasing of annealing temperature, the anisotropy and coercivity reduction in FePt/Fe 
granular bilayer were much more than those in the FePt/Pt granular bilayer. The magnetic 
properties of the FePt/Pt showed that the coercivity reduction followed the anisotropy reduction, 
and the anisotropy reduction was caused by the magnetic degradation of the FePt bottom hard 
layer due to the Pt diffusion into the FePt layer.  
 





Annealing led to grain growth, magnetically graded interface formation due to interlayer 
diffusion, and the change of soft phase configuration on top of the FePt hard phase resulted from 
surface/GB diffusion. Simulations were applied to investigate the effect of each factor on the 
coercivity separately. It was found that grain growth only initiated a small coercivity reduction, 
the graded interface did not affect the coercivity significantly, and a large coercivity reduction 
was obtained when the Fe soft layer extended more in the lateral direction. The configuration of 
the soft phase in the FePt/Fe ledge-type structure has a large influence on the coercivity. The 
reason why FePt/Pt granular bilayer did not have large coercivity reduction after annealing was 























7 Magnetization Reversal Mechanism of the L10-FePt/Fe ECC 
Nanodots  
It has been experimentally demonstrated that ECC media can effectively reduce the switching 
field of the L10-FePt magnetically hard media, hence solve the writability problem.   However, 
fabricating the L10-FePt-based ECC nanostructure consisting of the magnetically hard phase and 
the magnetically soft phase in the same columnar grain is quite difficult. Stacking each grain in 
the soft phase precisely on the L10-FePt grains cannot be controlled by sputtering process. In 
addition, the grain size of the soft layer and the hard layer are not the same due to the different 
sputtering conditions and the nature of the materials themselves. 
 
As mentioned in the literature review chapter, L10-FePt-TiO2/FePt-TiO2 (soft) ECC films 
reported by Jiang et al. [149] and L10-FePtC/fcc FePtC perpendicular exchange-coupled 
composites reported by Hu et al. [127] did not have the exact microstructure as proposed in the 
ECC media. The L10-FePtC/FePtC exchange spring multilayer in Chapter 4 showed lager grain 
size in the magnetically hard layer compared to that in the magnetically softer layer which was 
deposited at lower temperature. Although ledge-typed L10-FePt/Fe ECC films prepared by Goll 
[117] and Ma [119] are close to the ECC grains, the soft phase covers the slanted edge of the 
magnetically hard grains. In order to have a careful study of the magnetization reversal 
mechanism in the L10-FePt-based ECC media, the sample must have the exact microstructure 
comprising the soft phase stacking precisely on the hard phase in a single columnar grain. In the 
current chapter, the L10-FePt/Fe ECC nanodots with the exact ECC microstructure were 
fabricated by EBL patterning on the L10-FePt/Fe continuous bilayer. The patterned nanodots have 
the Fe soft phase and the L10-FePt hard phase in the same dot, which meet the requirement of the 
ECC media.  
 





Patterning by EBL is a slow process. Therefore, only small area of dot arrays was fabricated. In 
this case, the common equipment, such as VSM, SQUID and AGFM which directly measure the 
magnetic moment, does not provide enough sensitivity for measuring the magnetic properties of 
those nanodots. Hence, measurement with ultrahigh sensitivity such as Anomalous Hall effect 
(AHE) was applied to solve this problem [151-153]. In current work, the magnetization reversal 
mechanism of the L10-FePt/Fe ECC nanodots was studied by AHE measurement and simulations. 
 
7.1 Experimental Details 
7.1.1 Sample Preparation 
The samples were prepared by con-focal DC magnetron sputtering using AJA sputtering system. 
The base pressure of the sputtering chamber was below 1 × 10
-7
 Torr. The targets used were 
Fe55Pt45, Fe and Au with purity better than 99.9999%. The films were deposited on MgO single 
crystal substrate with (001) texture. The sample layer structure is as follows: MgO 
substrate/FePt/Fe/Au. The substrates were preheated to 400°C for 30 min before the deposition of 
FePt thin film. After the deposition, the FePt layer was in-situ annealed at higher temperature 
450°C for half an hour to enhance the chemical ordering and film continuity. The detailed 
sputtering conditions are shown in Table 7.1. For all the samples, the FePt hard magnetic layer 
was fixed at 16 nm, while the thickness of Fe layers varied from 0, 2, 4, 6, to 8 nm.  
Table 7.1 The sputtering conditions, which includes deposition temperature, power, pressure, 
and rate, for each layer.  
 Temperature (°C) Power (W) Pressure (mTorr) Deposition rate (nm/min) 
Fe55Pt45 
400°C, annealed at 
450°C for 30 min 
100 10 4.5 
Fe Room temp. 100 10 1.1 
Au Room temp. 100 10 6.0 
 





7.1.2 Patterning Process and Device Fabrication 
The prepared FePt/Fe continuous bilayer thin films were patterned into 50 nm and 100 nm dot 
arrays in a 20×20 µm area by Elionix ELS-7700 electron beam lithography system with 100kV 
acceleration voltage. With the same dot gap of 100 nm, the pitch sizes are 150 nm and 200 nm for 
the 50 nm and 100 nm dot arrays, respectively.  The negative resist used for E-beam lithography 
was diluted maN2401 which had the thickness of approximately 50 nm after coating at 6000 rpm 
for 1 min and baking. The ion milling was carried out in the Veeco RF-350 Ion-Beam Milling 
System with the pre-calibrated etching rate. The patterning processes are as follows: 
− Spin coat the diluted maN 2401 resist at 6000 rpm for 1 min and bake it at 100°C for 1 
min 
− EBL exposure and develop in maD525 for 90 s. The patterned dot arrays are shown in 
Figure 7.1. 
− Ion mill at -5° for 80 s for FePt/Au sample, the milling time increases slightly with the 
increase of Fe layer thickness 
 
Figure 7.1 SEM images of EBL patterned maN2401 resist for 50 nm dot array and 100 nm dot 
array. 
 
The remained resist did not need to be lifted-off. After the ion milling, a 24-28 nm Ta was 
deposited on the patterned nanodots to fill up the gap among the dots to facilitate the electron 





transportation during Hall measurement. The Hall device was fabricated in two steps: firstly is to 
pattern the Hall bar on the Ta film with the dot arrays locating in the cross of the Hall bar, 
secondly is to prepare the electrodes for the Hall bar. The patterning equipment used is a contact 
mask aligner (SUSS MicroTec MA8) with 365 nm UV light in wavelength for µm-scale patterns. 
The photoresist used is AZ5214E, which has a positive tone, and can be changed to negative tone 
after post-baking and flood exposure. The detailed procedures are as follows: 
 
1) Hall bar patterning: 
− Spin coat AZ5214E resist at 5000 rpm for 30 s and bake at 95°C for 60 s 
− Exposure with UV light at 7.0 mV/cm2 for 5 s 
− Post-bake at 125°C for 120 s 
− Flood-exposure for 120 s  
− Develop in AZ developer for 20 s 
− Ion mill s at -10° for 30 
− Lift-off with PG remover  
− The patterned Hall bar is shown in Figure 7.2(a). 
 
2) Electrode fabrication 
− Spin coat AZ5214E resist at 5000 rpm for 30 s and bake at 95°C for 60 s 
− Exposure with UV light at 7.0 mV/cm2 for 5 s 
− Develop in AZ developer for 20 s 
− Deposit 40 nm Ta and 10 nm Ru 
− Lift-off using PG remover  
− The final Hall device is shown in Figure 7.2(b). 






Figure 7.2 (a) Hall bar with 14 µm in width and 112 µm in length; (b) Hall bar with electrodes. 
 
Upon completing the device fabricating processes, the 1×1 cm chip has a total of 6 devices with 
three containing the 50 nm nanodots and the other three having the 100 nm nanodots. The chip 
was mounted to a 12-contact pad chip holder using 70 µm-diameter Al wire for measurement.  
 
7.1.3 Measurement Technique 
The setup for Hall voltage measurement is shown in Figure 7.3. The patterned dot arrays are 
seating in the center of the Hall cross. One type of Hall device has 94×94 dots of 50 nm in 
diameter. The other has 70×70 dots of 100 nm in diameter. The measurement was carried out 
using PPMS which can supply a maximum magnetic field up to 9 Tesla. The electric current is 
applied to the Ta Hall bar. Because FePt and Fe which have higher conductivity than Ta, the 
electric current can pass through the dot array. When applying the magnetic field perpendicular to 
the current and the sample plane, Hall voltage will be build up in the direction transverse to the 
current direction. This phenomenon is the well-known Hall effect.  
 
The Hall voltage has contributions from the normal Hall voltage which is present for all 
conductive materials, the anomalous Hall voltage which depends on the out-of-plane 
magnetization of the ferromagnetic material, the planer Hall voltage which depends on the in-





plane magnetization of the ferromagnetic material, and the voltage off-set caused by 
misalignment. The anomalous Hall coefficient is more than ten times of the other coefficients. 



















t: layer thickness 
M: magnetization 
Voffset: off-set voltage 
R0: normal Hall coefficient 
Rs: anomalous Hall coefficient 
k: a constant related to the anisotropic magnetoresistance effect 
 
 
Figure 7.3 The setup for Hall voltage measurement. The dot arrays are centered in the cross of 
the Hall bar. The magnetic field is applied perpendicular to the sample surface, and 
the electric current is applied along the x-axis, while the Hall voltage is measured in 
the transverse direction perpendicular to both magnetic field and current. 
 
 





In fact, both normalized out-of-plane and in-plane hysteresis loops can be obtained from the Hall 
effect measurement because the out-of-plane magnetization and in-plane magnetization at each 
magnetic field can be extracted from the measurement. The detailed processes of extracting the 
in-plane and out-of-plane signal can be referred to Ref. [153, 156]. 
 
Since the magnetization M reversed its direction with H, the second term (Anomalous Hall 
voltage) is an odd function of H. It can be calculated by subtracting the signal of the down loop 
(the half M-H loop where H changes from +max to –max) to that of the up loop (the other half M-
H loop where H changes from -max to +max). The remained normal Hall voltage is a linear 
function of H. The slope can be determined by fitting the straight portion of the hysteresis loop 
after magnetization saturation. Therefore, the normal Hall voltage can be removed by subtracting 














  (7.2) 
 
The third term (Planar Hall voltage) is an even function of M, and hence H. It can be derived by 
summing up the signal of the down loop and that of the up loop. 





Till now, the signal obtained is only for the down loop which is half of the hysteresis loop. The 
other half loop can be obtained by reversing the field direction.    
 
7.2 Results and Discussion 
This section summaries the key results of the FePt magnetic single layer, the FePt/Fe bilayer, and 
the FePt/Fe patterned nanodots. Firstly, the crystalline structure, magnetic properties and the 
magnetization reversal mechanism of the FePt/Fe bilayer before patterning will be described. The 





magnetic properties, magnetic domain structure, and the magnetization reversal of the FePt/Fe 
nanodots will be illustrated after the first subsection.   
 
7.2.1 Magnetic Properties of the FePt/Fe Bilayer before Patterning 
The 16 nm FePt deposited at elevated substrate temperature and followed by post annealing 
formed the L10-phase with (001) texture as shown in Figure 7.4 (a). With the deposition of Fe 
thin layer at room temperature on top of the FePt layer did not modify the texture of the L10-FePt 
film. This can be seen in Figure 7.4(b) where the chemical ordering of the L10-phase, which is 
proportional to the peak intensity ratio of superlattice (001) peak to the fundamental (002) peak - 
(I001/I002)
1/2
, was maintained under various Fe layer thicknesses.  
 
Figure 7.4 (a) XRD pattern of FePt single layer; (b) Plot of peak intensity ratio - (I001/I002)
1/2
 to 
Fe layer thickness in FePt/Fe bilayers.  
 
The magnetic anisotropy of the L10-FePt bottom layer was calculated based on the generalized 















Ms: saturation magnetization; 
K1
eff
: effective first-order uniaxial anisotropy; 





K2: second-order uniaxial anisotropy; 
: the angle of H to the z-direction; 
: the angle of M to the z-direction. 
mz: the perpendicular component of  














A linear fitting to the plot of αHMs vs. (1-mz
2
) will give the K1
eff
 from the interception and K2 from 
the slope based on Equation (7.4. Because the anomalous Hall voltage is directly proportional to 
the perpendicular magnetization, the normalized VAHE value is equal to the normalized 
perpendicular magnetization mz. Therefore, mz-H curve is the VAHE-H curve. The plot of αHMs 
against (1-mz
2
) in Figure 7.5(b) was derived from the mz-H curve shown in Figure 7.5(a) with Ms 
of 1000 emu/cc (from measurement). The linear fitting gives K1
eff
: 1.45 ± 0.02×10
7
 erg/cc, K1: 
2.08 ± 0.02×10
7
 erg/cc, and K2: 3.43 ± 0.03×10
6
 erg/cc. The calculated result agrees with the 
value calculated by the energy integration from the easy and hard axis hysteresis loops.  
 
 
Figure 7.5 (a) Normalized VAHE-H curve measured at H = 75°. The data was modified and 
replotted in (b), where K1eff and K2 can be calculated from the linear fitting.  
 
 





The magnetic properties of the FePt/Fe bilayers were investigated with the out-of-plane and in-
plane hysteresis loops shown in Figure 7.6. The FePt single layer has a large squareness and 
remanence in the out-of-plane hysteresis loop.  This further confirms that the easy axis of FePt 
layer is in the out-of-plane direction, and the magnetization is reversed by domain-wall motion as 
the lateral exchange-coupling in the FePt film is strong due to the film continuity. The surface 
roughness of the FePt layer is around 3 nm according to the fitting in the X-ray Reflection (XRR) 
curve. As the Fe layer thickness increases, the coercivity of the bilayer reduces due to the 
assistance of the Fe soft layer during magnetization reversal. The increase of Fe soft phase is 
revealed by the increasing of in-plane magnetization remanence.  
 
Figure 7.6 In-plane and out-of-plane hysteresis loops of the FePt/Fe bilayer with 0, 2, 4, and 8 
nm Fe layer, respectively.  
 
The magnetic domain structures of the FePt/Fe bilayers after ac-demagnetization are shown in 
Figure 7.7. The maze-like domains are formed in all the bilayer samples. As the Fe thickness 





increases, the magnetic domain becomes more elongated and uniform in width. This is consistent 
with the results of the FePt film with increasing thickness [159]. This indicates the presence of 
large lateral exchange-coupling and vertical exchange-coupling in the FePt/Fe bilayer. 
 
Figure 7.7 MFM images of the FePt/Fe bilayers with various Fe thicknesses after ac-
demagnetization.  
 
7.2.2 Magnetic Properties of FePt/Fe Patterned Nanodots 
In this section, two typical samples were chosen for investigating the magnetization reversal 
mechanism: the FePt which represent the magnetically hard phases; the FePt/Fe (4 nm) which 
represent the ECC structure. After patterning, the dots are magnetically isolated as one can see in 
the MFM images of the dot array after ac-demagnetization shown in Figure 7.8. The magnetic 
domain structure changes from the magnetic multidomain in the continuous film to the single-
domain in the patterned dots.  
 
The magnetic isolation of the nanodots indicates that the etching was carried out to the bottom of 
the FePt film, and the magnetic material surrounding the dots was removed.  The gap of the 100 
nm dots was supposed to be 100 nm. However, the MFM image shows that the dots are very 
close to each other. This may be due to the bad resolution of the MFM tip which can be up to a 
few tens of nanometers depends on the tip quality.  






Figure 7.8 MFM image of (a) the FePt/Fe(4nm) bilayer before patterning, (b) 100 nm nanodots 
after patterning.   
 
The anomalous Hall voltage (VAHE) of the FePt/Fe nanodots was extracted from the Hall effect 
measurement according to Section 7.1.3. The out-of-plane hysteresis loop is the plot of the 
normalized VAHE to the applied magnetic field. Figure 7.9 compares the out-of-plane hysteresis 
loops of the FePt/Fe(4 nm) sample before and after patterning. The coercivity of the patterned 
nanodots is 4.5 times that of the bilayer film before patterning. This is because patterning 
removes the long range lateral exchange-coupling of one dot to its neighboring dots, and hence 
the magnetization reversal mechanism differs from the domain wall motion.  
 
Figure 7.9 Normalized out-of-plane hysteresis loop of the FePt/Fe(4 nm) bilayer before 
patterning and FePt/Fe(4 nm) nanodots of 50 nm and 100 nm in diameter after 
patterning.  





The demagnetization field affected the shape of the hysteresis loop. The bilayer sample after 
patterning has a much larger remanence compared to that before patterning. Before patterning, 
the bilayer had a demagnetization factor Nd around 1. Patterning reduced Nd to 0.66 for the 100 
nm dots and 0.51 for the 50 nm dots.  This means that without any external magnetic field, the 
bilayer films experienced a larger reversed demagnetization field than the 100 nm dots and the 50 
nm dots did. 
 
The magnetization reversal mechanism was characterized by the angular dependent coercivity. 
Figure 7.10 shows the angular dependent coercivity of FePt single layer and FePt/Fe (4 nm) 
bilayer before and after patterning. The coercivity of the sample before patterning follows the 
1/cos curve quite well, which means the magnetization is reversed by domain wall motion. This 
is consistent with the magnetization reversal mechanism of the magnetic thin films. 
 
 
Figure 7.10 Angular dependent coercivity of FePt single layer and FePt/Fe(4 nm) bilayer (a) 
before patterning and (b) after patterning. The angle is between the external field 
and film normal direction.  
 
It was unexpected that the coercivity of the FePt nanodots increased when the applied field was 
tilted towards the in-plane direction, which showed the behavior of domain wall propagation 





instead of the Stoner-Wohlfarth model. This phenomenon has been reported in the FePt 60 nm 
single dot as well [151, 160].  There are two possible explanations: one is due to the magnetic 
inhomogeneity at the dot edge which was damaged by ion milling; the other is that during 
magnetization reversal, the magnetization of the dot processed domain wall nucleation and 
propagation under the magnetic field.  Although at the demagnetized state, the dot is magnetic 
single domain, during the magnetization reversal, the magnetic domain wall which is within 10 
nm for L10-FePt film can be injected into the dot by large magnetic field.  
 
The angular dependent coercivity of the patterned ECC nanodots deviates slightly from the 
domain wall motion curve. This indicates that the magnetization of the ECC nanodots reversed by 
domain wall nucleation and propagation. During magnetization reversal, the domain wall 
nucleated in the Fe soft phase at the very beginning, but the soft layer was not thick enough to 
accommodate the whole domain wall. Hence, only partial domain wall was formed. As the 
reversing field increased, the partial domain wall propagated to the bottom magnetically hard 
phase to switch the magnetization of the whole ECC nanodot. It was the partial domain wall 
nucleation and propagation that resulted in the deviation of angular dependent coercivity curve 
away from the ideal domain wall motion mode.  
 
Magnetic recoil loops can be used to study the magnetization reversal mechanism and the 
hard/soft exchange coupling effect in the ECC media. Figure 7.11 shows the recoil loops of the 
FePt and FePt/Fe nanodots. In the FePt nanodots, the magnetization was almost unchanged upon 
removing the reversal magnetic field. In the FePt/Fe nanodots, when applying the reversed 
magnetic field, some magnetization switches from the positive direction to the negative direction, 
but upon removing the magnetic field, a small amount of magnetization switches from the 
negative direction back to the positive direction. This phenomenon is called exchange spring 
effect.  The reversible part is the Fe soft phase which is not fully exchange-coupled to the FePt 





hard phase and has the magnetization lying in the in-plane direction due to the demagnetization 
field. The recoil loops of the FePt/Fe 50 nm dots are open. This opening can be caused either by 
thermal fluctuation in some of the soft phase [136], or by the anisotropy variation in the hard 
phase, but not the breakdown of exchange coupling between the hard phase and soft phase [144] .  
 
 
Figure 7.11 Recoil loops of the FePt and FePt/Fe(4 nm) dot with 100 nm and 50 nm diameter. 
 
The magnetization reversing rate of the sample was calculated from the slope of the recoil loop. 
In each recoil loop, there is a slope at a corresponding un-reversed magnetization. When more 
magnetization is un-reversed such as recoil loop 1 in Figure 7.11, the reversible slope is larger 
compared to that of recoil loop 3, because the un-reversed magnetization will force the reversed 
soft phase to go back to the un-reversed direction through exchange-coupling. Hence, the value of 
the reversible slope from each recoil loop was plotted to the un-reversed magnetization as shown 
in Figure 7.12(a). The slope of the linear fitting gives the reversing rate with the unit of (kOe)
-1
. It 





was found that the FePt nanodots have a very small reversing rate of 0.0038 (kOe)
-1
. The small 
amount of soft phase may be the magnetic inhomogeneity such as defects and edge damage. The 
FePt 50 nm dot has a larger damaged-edge-to-volume ratio; therefore, it has a slightly higher 
reversing rate of 0.0095 (kOe)
-1
. The FePt/Fe nanodots have much larger reversing rate than the 
FePt nanodots because it has more amount of soft phase – Fe layer. The exchange spring effect in 
the FePt/Fe ECC nanodots are more pronounced.   
 
 
Figure 7.12 (a) Plot of the slope of the recoil loop to the corresponding un-reversed 
magnetization for sample FePt 100 nm nanodots. (b) The table summarizes the 
reversing rate and fitting quality R
2
 of the FePt and FePt/Fe(4 nm) nanodots with 50 
nm and 100 nm diameter.  
 
As mentioned above, the Hall measurement provides the information of out-of-plane 
magnetization Mand in-plane magnetization M// under the same applied field. This is very 
helpful in observing the magnetization reversal processes when the magnetic field is applied in 
the out-of-plane direction. Figure 7.13 shows the plot of anomalous Hall voltage (AHV) and the 
planar Hall voltage (PHV) to the applied magnetic field for the FePt nanodots and the FePt/Fe(4 
nm) nanodots. The PHV curve is not centered in the 0V due to the voltage offset which cannot be 





easily eliminated. The range of the AHV is 100 times of that of the PHV because the anomalous 
Hall coefficient is much larger than the planar Hall coefficient. The out-of-plane magnetization 
Mis proportional to the AHV, while the in-plane magnetization M//
2
 is proportional to the PHV. 
In the FePt nanodots, the down loop (black curve) shows that the magnetization is maintained in 
the out-of-plane direction before it starts to switch. The in-plane magnetization does not change 
but only at the position where Mreverse its direction.  In the FePt/Fe bilayer, the M// increases 
but the M decreases gradually when the magnetic field changed from the +max to –max, the in-
plane magnetization reaches a peak value where the magnetization switches. The magnetization 
of the FePt/Fe ECC dots reverses the magnetization in a processional way, with the magnetization 
switching gradually from the +z direction to the in-plane direction then to the –z direction. This 
processional switching is not found in the FePt single phase nanodots. 
 
 
Figure 7.13 The plots of anomalous Hall voltage (AHV) and planar Hall voltage (PHV) to the 
applied magnetic field for FePt 100 nm nanodots (top) and FePt/Fe(4 nm) 100 nm 
nanodots (bottom). The black curve is the down loop; the red curve is the up loop. 





7.2.3 Magnetization Reversal Mechanism Studied by Simulation 
The magnetization reversal processes of the FePt dot and FePt/Fe(4 nm) dot were simulated by 
the LLG Micromagnetic Simulator. Only one single dot with 50 nm diameter was considered. 
The magnetic parameters used for the FePt hard phase are:  Ms
h











 = 16 nm, it has the uniaxial anisotropy with easy axis along the 
z-direction. The magnetic parameters for the soft phase are: Ms
s











 = 4 nm, it has a cubic anisotropy. The mesh size used in 
simulation is 1×1×1 nm. The interlayer exchange stiffness is 1.0×10
-6
 erg/cm. The simulation 
used convergence of 1×10
-8
 as the exit criteria for calculation. The convergence is the absolute 
value of the change during the iteration process of any direction cosine component [161].  
 
The simulated out-of-plane hysteresis loops and magnetic domain structure during magnetization 
reversal are shown in Figure 7.14. In the FePt dot, the magnetization switches at one magnetic 
field -36 kOe. During the switching, the domain nucleated at the edge of the dot and propagated 
to the center of the dot. This agrees with the reversal mechanism revealed by angular dependent 
coercivity.  In the FePt/Fe ECC 50 nm dot, the magnetization reversal starts from the Fe soft 
phase and propagates to the FePt hard phase, which involves the domain wall nucleation in the 
soft phase and propagation in the hard phase in both vertical and lateral directions. The switching 
field of the FePt/Fe ECC dot is around one third of that of the FePt hard phase dot. This reduction 
is due to the exchange coupling assistant of the Fe soft phase during magnetization reversal. The 
simulated switching field is much larger than the empirical results which were affected by the 
film quality and ion milling damage.  






Figure 7.14 The simulated out-of-plane hysteresis loops of the FePt and FePt/Fe(4 nm) single 
dot with 50 nm diameter. The cross-sectional magnetic domain structure of the 
corresponding switching state (red circle) is inserted in the plots. The red color 
shows the magnetization pointing to +z direction, and the blue color shows the 
magnetization pointing to the –z direction. 
 
7.3 Summary 
EBL patterning was used to fabricate the FePt/Fe ECC nanodots with the soft phase stacking on 
top of the hard phase in the same columnar dot. Highly sensitive Hall effect measurement was 
applied to characterize the magnetic properties of the ECC nanodots. The coercivity of the 





magnetically isolated nanodots increased 4-5 time due to the breaking of the lateral exchange 
coupling among the dots. However, ion milling induced some damage to the dot edge and limited 
the coercivity increasing. The study of recoil loops showed the presence of exchange-spring 
effect in the FePt/Fe ECC dot. The angular dependent coercivity measurement and the AHV/PHV 
plot with magnetic field revealed that the magnetization switching in the FePt/Fe ECC dot 
processed through domain wall nucleation in the Fe soft phase and propagation into the FePt hard 
























8 Conclusions and Future Work 
Domain wall assisted magnetic recording such as exchange-coupled composites ECC/exchange 
spring media, exchange spring multilayers, and graded media were proposed to reduce the 
switching field of the perpendicular recording media. This thesis focused on the experimental 
investigations of the L10-FePt based ECC/exchange spring bilayer, exchange spring multilayer 
and ledge-type structure. This chapter summarized the key results obtained from my research 
works and discussed the future work of the current topic.  
 
8.1 L10-FePt Exchange Spring Multilayer 
FePt-C exchange spring multilayers were fabricated by varying the deposition temperature of 
each FePt-C layer on glass substrates with CrRu underlayer and thin MgO buffer layer. The 
magnetocrystalline anisotropy constant Ku of L10-FePt increased with the increasing of deposition 
temperature from 290°C to 390°C. The FePt-C bottom magnetically hard layer was prepared at 
390°C with the thickness fixed at 6 nm which was within the domain wall thickness of the film. 
The Ku gradation in the multilayers was developed by depositing the FePt-C film at subsequently 
decreased temperature from the bottom to the top. The magnetization of the soft layers is in the 
out-of-plane direction. The coercivity was reduced significantly compared to that of the hard 
layer, and the thermal stability is maintained in the FePt-C trilayer. The multilayer FePt-C 
exchange spring media formed a two-layer structure with a granular soft magnetic layer on top of 
a closely-packed hard magnetic layer due to the different deposition temperatures and the 
annealing effect to the bottom layer during the deposition of the top layers. The FePt films with 
graded anisotropy are quite promising for fabricating the graded media. However, the 
microstructure of the multilayer has to be further improved.   
 
 





8.2 L10-FePt/Fe Exchange Spring Bilayer 
The effect of soft layer thickness on the magnetic properties and thermal stability gain has been 
studied in the FePt/Fe bilayer system. The Fe soft layer has large saturation magnetization Ms and 
very small Ku, and hence resulted in the in-plane magnetization. The continuous film structure of 
the hard layer and soft layer simulated the ECC structure in a large-scale. The coercivity of FePt 
perpendicular hard layer was reduced effectively by exchange-coupling a soft Fe layer on the top. 
A coercivity reduction factor around 2.5 and a thermal stability gain of 2.2 were obtained with a 3 
nm Fe soft layer. The critical thickness of the soft layer for dramatic reduction of the hard layer 
switching field was found to be around the exchange length in the present work. When the soft 
layer thickness was within the exchange length, the hard and the soft phases processed single 
switching; while beyond it, exchange spring effect appeared with a large reversible magnetization 
after the removal of applied field. 
 
8.3 Coercivity Reduction in the L10-FePt/Fe Granular Exchange-coupled Bilayer 
after Annealing 
L10-FePt/X(X: Fe or Pt) granular bilayer were fabricated on MgO single crystal substrates at 
550°C. The samples were annealed at various temperatures for 10 min in vacuum. With the 
increasing of annealing temperature above 200°C, both anisotropy and coercivity reduced 
significantly in the FePt/Fe granular ECC bilayer. In the FePt/Pt granular bilayer with the 
nonmagnetic Pt replacing the magnetic Fe, the reductions in coercivity and anisotropy were much 
less, and the anisotropy reduction was caused by the magnetic degradation of the FePt hard layer 
due to Pt diffusing into the FePt layer.  
 
Annealing mainly led to grain growth, magnetically graded interface formation due to interlayer 
diffusion, and the change of soft phase configuration on top of the FePt hard phase resulted from 





grain boundary and surface diffusion. Simulations were applied to investigate the effect of each 
factor on the coercivity separately. It was found that grain growth only initiated a small coercivity 
reduction, the graded interface did not affect the coercivity significantly, and a large coercivity 
reduction was obtained when the Fe soft layer extended more in the lateral direction. The 
configuration of the soft phase in the FePt/Fe ledge-type structure has a large influence in the 
coercivity of the granular bilayer. The reason why FePt/Pt bilayer did not have large coercivity 
reduction after annealing was that it did not have the soft phase extended in the lateral direction.  
 
8.4 Magnetization Reversal Mechanism of L10-FePt/Fe ECC Nanodots 
The L10-FePt/Fe ECC nanodots with the soft phase stacking on top of the hard phase in the same 
columnar dot were fabricated by EBL patterning in order to study the magnetization reversal 
mechanism of ECC media. Highly sensitive Hall effect measurement was applied to characterize 
the magnetic properties of the ECC nanodots. The coercivity of the magnetically isolated 
nanodots increased 4-5 time due to the breaking of the lateral exchange coupling among the dots. 
However, ion milling induced some damage to the dot edge which limited the coercivity 
increasing. The study of recoil loops showed the presence of exchange-spring effect in the 
FePt/Fe ECC dot. The angular dependent coercivity measurement and the AHV/PHV plot with 
magnetic field revealed that the magnetization switching in the FePt/Fe ECC dot processing 
through domain wall nucleation in the Fe soft phase and propagation into the FePt hard phase, 
which were consistent with the simulation results. 
 
8.5 Recommendations for Future Work 
Large coercivity reduction has been found in the micromagnetic simulations for the L10-FePt/Fe 
strongly coupled ECC nanodot even with a very thin Fe layer (~1 nm). However, the coercivity 
reduction in the experiments was much less. The difference between the simulation and reality 





may lie in the magnetic properties of the 1 nm Fe layer (~7 atomic monolayer). Different from 
bulk Fe material, the magnetic properties of the ultrathin Fe film are largely influenced by the 
crystalline structure and surface properties. The magnetization, exchange stiffness, and anisotropy 
at the FePt/Fe interface has to be studied carefully by highly sensitive and non-destructive 
equipment such as synchrotron radiation measuring the extended x-ray absorption fine structure 
(EXAFS) and x-ray magnetic circular dichroism (XMCD). 
 
The granular structure and stacking precision of the L10-FePt based ECC media has to be 
improved. Our previous experimental results showed that thick FePt-C films cannot form a well 
isolated columnar structure. No clear grain boundary was observed at the bottom part of the 
multilayer sample. This might be explained by the high diffusion rate of C atoms during film 
growth at elevated temperature. New doping materials such Ta2O5 or TiO2 oxide can be used to 
improve the columnar structure. It has been reported that FePt films with 20 vol. % of Ta2O5 or 
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